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Abstract

Detached macrophytes (seagrass and macroalgae) are transported from more offshore
areas and accumulate in large volumes in surf zones, where they are commonly called
wrack. In coastal regions in other parts of the world, wrack transported from one habitat
to a second habitat can be considered as a "spatial subsidy" for the recipient habitat with
significant consequences for community dynamics and food webs. The primary aim of
this study was to determine the significance of the different components of wrack (i.e.
seagrass and brown, red and green algae) as a direct and indirect food source and habitat
for invertebrates and fish in surf zones of south-western Australia. The importance of
different volumes of surf zone wrack to determining fish abundance and composition
was also investigated. These aims w:ere achieved by examining the food and habitat
preference of invertebrates and the habitat preference of fish through laboratory trials
and field experiments. Gut content analysis was used to examine the importance of
wrack-associated invertebrates as a food source for fish, while stable isotope analysis
(carbon, nitrogen and sulfur) and lipid analysis (lipid class and fatty acid composition)
were conducted on macrophytes, amphipods and fish to determine the source of
nutrients and energy.
The composition of surf zone wrack in the region comprises large quantities of seagrass,
then brown and red algae, with negligible quantities of green <1;lgae. Allorchestes
compressa, the dominant macroinvertebrate in surf zone wrack, showed a preference for
consuming brown algae over other macrophyte types. Similarly, stable isotope analysis
from some locations and fatty acid analyses indicated that A. compressa assimilates
nutrients predominantly from brown algae. The influence of brown algae on secondary
production extends to second-order consumers. Allorchestes compressa was the major
prey of juveniles of the cobbler Cnidoglanis macrocephalus and the sea trumpeter
Pelsartia humeralis, the main fish species in surf zone wrack accumulations in the
region. Detached brown algae therefore contributes most to the detached macrophyte amphipod - fish trophic pathway in the surf zones, and thus drives secondary
production in these regions and provides a crucial link between coastal ecosystems.
Detached macrophytes also provide an important, but transient, habitat for invertebrates
and fish in south-western Australia. Under laboratory conditions, Allorchestes
compressa showed

a.strong preference

for inhabiting seagrasses over macroalgae,
iii

however in situ caging experiments showed that A. compressa has a strong preference
for brown algae, red algae or a mixture of macrophytes, but tended to avoid seagrass.
Therefore, A. compressa showed a clear preference for different types of detached
macrophytes as a habitat, with seagrass ranking below other types of macrophyte under
field conditions. In contrast, neither Cnidoglanis macrocephalus or Pelsartia humeralis
showed a preference for inhabiting different types of detached macrophytes as a habitat,
but showed a strong positive influence by increasing volumes of wrack The species
composition, densities and biomass of fish, which were dominated by juveniles, were
strongly influenced by increasing volume of wrack in surf zones of south-western
Australia.
This study has shown that both the type and volume of detached macrophytes
transported from more offshore regions subsidizes consumers and plays a crucial role in
supporting secondary production in less productive surf-zone habitats of south-western
Australia. The removal of large amounts of wrack from nearshore areas could have a
detrimental impact on the biodiversity or abundance of macroinvertebrate and fish
populations, which rely on wrack for food and shelter.
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CHAPTER 1 -INTRODUCTION

1.1 Spatial subsidies and movement of detached macrophytes

The movement of nutrients, organisms and detritus across spatial boundaries,
termed a "spatial subsidy", can refer to organic matter transported from one habitat to a
recipient (plant or consumer) from a second habitat (Polis et al. 1997). The flow of
nutrients and energy across habitat boundaries is ubiquitous (Anderson and Polis 1998)
and can increase population productivity of the recipient, potentially altering food-web
structure and community dynamics in the recipient system (Polis and Hurd 1996b; Polis
et al. 1997). The transport of organic matter across spatial boundaries can occur via
physical (wind and water) or biotic (mobile consumers) vectors, and includes the
movement of plant detritus, produced in one habitat and transported to a second habitat
(Polis et al. 1997; Colombini and Chelazzi 2003). Terrestrial habitats can also benefit
from spatial subsidies from aquatic habitats. For example, coastal areas worldwide
receive organic matter from the sea via shore wrack (carrion and marine plants), as well
as nutrients and organic material transported by seabirds (Polis et al. 1997; Colombini
and Chelazzi 2003) and marine mammals (Farina et al. 2003).
The flow of energy and biomass from a more productive habitat to a less
productive one is likely to be important when two areas differing in productivity are
juxtaposed (Polis and Hurd 1996a). Such flow of "donor" material can subsidise
consumers in the less productive habitat and allows consumer populations to achieve
greater numbers than supported by in situ productivity (Polis and Hurd 1996b). This
donor material is often transported in the form of detritus, which refers to any form of
non-living organic matter, including different types of plant tissue. Detritus can
influence food web composition and dynamics and have a substantial effect on trophic
structure and biodiversity (Moore et al. 2004). Export of detrital plant material from
highly productive estuaries, marshes, seagrasses, mangroves and macroalgal reefs
contribute substantially to secondary production in adjacent coastal waters (Polis and
Hurd 1996a; Polis et al. 1997). Within a system, more of the total primary production is
transmitted to other trophic levels from decomposing plant tissue than via living tissues
consumed by grazers (Mann 1972; 1988). Generally most primary production in both
aquatic and terrestrial ecosystems enters the detrital pathway and dominates the trophic
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flow of carbon, making detritus consumers key components of food webs (Cebrian
2004).
In many coastal regions, the production of marine macroalgae and seagrasses in
offshore beds is extremely high (Colombini and Chelazzi 2003). During storms and
high swells, these macrophytes detach and are transported to intertidal, subtidal, surf
zone, supralittoral, littoral and deep-sea areas, where they contribute to the carbon and
nutrient cycles and subsidise detritivore populations (Josselyn et al. 1983; Robertson
and Lenanton 1984; Duggins et al. 1989; Bustamante et al. 1995; Polis and Hurd 1996b;
1996a; Polis et al. 1997; Soares et al. 1997; Colombini and Chelazzi 2003). The
relationship between the biomass of attached and detached macrophytes is not clearly
established (Piriz et al. 2003), largely because the distance, time and direction over
which the plants drift in relation to winds and currents are generally not well understood
(Kirkrnan and Kendrick 1997). The detachment of brown algae can be seasonal, due to
the increasing breakage of holdfasts in storm swells, and can also be linked to
substratum, wave exposure and thallus size (Milligan and DeWreede 2000; Thomsen
and Wemberg 2005).
Accumulations of detached macrophytes along shorelines are considered to
subsidise an array of terrestrial consumers (Polis and Hurd 1996a), since sandy beaches
have very little in situ primary production (Inglis 1989; Brown and McLachlan 1990).
Detached macrophytes represent a vital link in a complex detrital food chain based on
primary production (Figure 1.1, Kirkrnan and Kendrick 1997). Accumulations of this
detritus are common in nearshore areas and are likely to provide an important, but
patchy, pathway for channelling marine macrophyte production to higher trophic levels
based on a saprotrophic food chain (Vetter 1995). Detached macrophytes can be
processed through the decompositional pathway based on the breakdown and
remineralisation of macrophyte detritus or through the direct grazing of macrophytes
(Figure 1.1 ).
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Figure 1.1: Food web diagram indicating the different pathways of carbon, nutrients and energy
flow from detached macrophytes (adapted from Kirkman and Kendrick, 1997). Highlighted
boxes and bold arrows indicate the scope ofthis study.

1.2 Distribution and composition of wrack

The source of beach-cast wrack is living macroalgae and seagrass beds in
offshore regions (Kirkrnan and Kendrick 1997). The detachment, deposition and
abundance ofwrack are influenced by the: hydrodynamics (waves, winds, currents and
tides) of the region; vicinity of the recipient areas to reefs, rocky shores and seagrass
meadows; and buoyancy characteristics of the plants and the type of beach (Ochieng
and Erftemeijer 1999; Colombini and Chelazzi 2003; Orr et al. 2005). Detached
macrophytes accumulate worldwide, including South Africa (Griffiths et al. 1983; van
der Merwe and McLach1an 1987), West Africa (Hemminga and Nieuwenhuize 1991 ),
Kenya (Ochieng and Erftemeijer 1999), northern New England (Behbehani and Croker
1982), California (Hayes 1974), Canada (Orr et al. 2005), Patagonia (Piriz et al. 2003),
Poland (Jedrzejczak 2002b; 2002a), France (Adin and Riera 2003), Antarctica (Norkko
et al. 2004), New Zealand (Inglis 1989) and Australia (Blanche 1992; Kirkrnan and
Kendrick 1997).As ar:esult, the abundance ofwrack accumulations stranded on beaches
3

is extremely spatially and temporally variable (Colombini and Chelazzi 2003; Orr et al.
2005). Macrophyte detritus can also be transported from shallow waters to deep sea
areas, e.g. the floor of the La Jolla canyon in Southern California is persistently covered
by surfgrasses and kelp up to 300m deep (Vetter 1994). Furthermore, the species
composition of macrophyte wrack accumulations can be highly variable between
regions. Beach-cast wrack in some regions can be dominated by kelp and other brown
algae species, including South Africa, California and New Zealand (Griffiths et al.
1983; Lavoie 1985; Inglis 1989), while in other regions, it can be dominated by seagrass
and small amounts of seaweeds, e.g. Kenya (Ochieng and Erftemeijer 1999). In southwestern Australia, wrack can be highly multispecies in nature, containing a wide variety
ofmacroalgae and seagrass species (Hansen 1984).
1.3 Consumers in detached macrophytes

Detached macrophytes are important in fuelling secondary production for
marine (Duggins et al. 1989; Vetter 1995) and coastal terrestrial (Polis and Hurd 1996a;
Dugan et al. 2003) systems. They can provide food and protection from predation for a
wide range of consumers of varying trophic levels and feeding strategies (Figure 1.1 ),
including bacteria, crustaceans, insects, molluscs, polychaetes, oligochaetes and fish
(Behbehani and Croker 1982; Griffiths et al. 1983; Lavoie 1985; McLachlan 1985;
Dunton and Schell 1987; Duggins et al. 1989; Kim 1992; Colombini et al. 2000;
Colombini and Chelazzi 2003). This is presumably partly attributed to detached
macrophytes being at different stages of physical and biological breakdown. Freshly
deposited material is consumed by a range of grazers (e.g. Griffiths et al. 1983; Inglis
1989; Colombini et al. 2000; Adin and Riera 2003), while the fragmentation and
bacterial breakdown of macrophytes makes them more available for consumption by
detritivores (Newell et al. 1982; Duggins and Eckman 1994; Norderhaug et al. 2003).
Detached macrophytes can enter the food web of coastal environments directly
through invertebrate grazers (Figure 1.1). Amphipods, urchins and abalone have been
shown to graze on this material in a number of regions (e.g. Griffiths et al. 1983;
Bedford and Moore 1984; Wells and Keesing 1989; Day and Branch 2002a; 2002b).
Som~

species of sea urchins in coastal regions have been shown to consume drift

macroalgae (kelp) rather than actively grazing on attached plants (Harrold and Reed
1985; Day and Branch 2002a; Day and Branch 2002b; Vanderklift and Kendrick 2005).
Unlike other urchins, Heliocidaris erthrogramma does not appear to feed on
autochthonous drift kelp (i.e. generated from within the stand that they lived in), but
4

rather feeds on allochthonous drift originating from reefs further offshore or adjacent
seagrass meadows, extending from tens of metres to several kilometres away
(Vanderklift and Kendrick 2005). Urchins are also a major grazer on detached
macrophytes in deeper and more offshore areas, at depths of up to 500m (Young et al.
1993; Tzetlin et al. 1997; Harrold et al. 1998). Invariably, urchins appear to graze
predominantly on brown algae, particularly kelp, with smaller amounts of red algae and
seagrass (Young et al. 1993; Tzetlin et al. 1997; Harrold et al. 1998). Similarly, some
species of abalone graze predominantly on drift brown algae (Day and Branch 2002a;
2002b), and also drift red algae (Wells and Keesing 1989). The abalone feeding on drift
algae are often associated with urchins (Day and Branch 2002a; 2002b; Lafferty et al.
2004). Other mollusc populations (e.g. limpets) can also be subsidised by capturing and
feeding on drifting macroalgae, enhancing their population biomass (Mann 1988;
Bustamante et al. 1995). The enhancement of populations through these "spatial
subsidies" can have repercussions for many other elements of associated communities
through their influence on community structure and function (Bustamante et al. 1995).
Small crustaceans, such as amphipods and isopods, can be major grazers in
wrack accumulations in subtidal regions, where amphipods particularly can reach large
population sizes (Behbehani and Croker 1982; Robertson and Lucas 1983; van der
Merwe and McLachlan 1987; Inglis 1989). Amphipods can attain densities of up to lOO
individuals per g dw wrack in nearshore regions (Robertson and Lucas 1983; Koch
1990) and densities >3 million individuals per kg dw biomass of wrack per metre in La
Jolla Canyon, California (Vetter 1994). Macroinvertebrate grazers have shown
preferences for different types of detached macrophytes. Amphipods and isopods can
show a preference for consuming algae over angiosperms, and brown algae over other
types of macroalgae (Koop and Field 1981; Robertson and Lucas 1983; Moore and
Francis 1985; Pennings et al. 2000).
On beaches, wrack beds are generally characterised by successional changes of
species, with different groups of consumers associated with different stages of wrack
decomposition and ageing (Colombini and Chelazzi 2003). Amphipods, isopods and
dipterans are the early colonisers and major primary consumers of beach-cast wrack,
with amphipods comprising up to 90% of the total macroinvertebrate fauna (Griffiths
and Stenton-Dozey 1981; Behbehani and Croker 1982; Crafford 1984; McLachlan
1985; Inglis 1989; Marsden 199la; 1991b; Blanche 1992; Chown 1996; Colombini et
al. 2000; Jedrzejczak 2002b; Colombini and Chelazzi 2003). Early wrack colonisers are
5

soon followed by other insects, mainly Coleoptera (beetles), that colonise the wrack
beds as they dry out (Kirkman and Kendrick 1997; Colombini and Chelazzi 2003). The
presence of wrack grazers attracts predatory species, such as beetles and spiders, which
consume other macroinvertebrates associated with wrack (Colombini et al. 2000; Ince
2004).
Detached macrophytes can be broken down and fragmented by physical
processes, then suspended in the water column and consumed by filter feeders (Duggins
et al. 1989). On the coasts of South Africa, Alaska and Washington, populations of filter
feeders, such as mussels and clams, have been shown to be supported mainly by organic
matter originating from kelp detritus, with phytoplankton-derived carbon playing a
minor role (Stuart et al. 1982; Seiderer and Newell 1985; Duggins et al. 1989;
Bustamante and Branch 1996; Soares et al. 1997). The provision of kelp-derived
organic matter can greatly increase growth rates of benthic suspension feeders such as
mussels and barnacles (Duggins et al. 1989).
In addition to being broken down physically, detached macrophytes can be
remineralised by bacteria and meiofauna (Kirkman and Kendrick 1997; Colombini and
Chelazzi 2003). Bacteria can utilise dissolved and particulate organic matter from
macrophyte fragments and faeces (Newell et al. 1982), and have been shown to utilise
90% of the leachates derived from stranded kelp (Koop et al. 1982). Meiofauna, which
can be dominated by nematodes and oligochaetes, are also thought to utilise dissolved
organic matter from detached macrophytes as a direct food source (Koop and Griffiths
1982), although it could be indirectly through bacteria (McLachlan 1985). However, the
abundance and thus importance of meiofauna is likely to vary among regions.
Meiofauna are thought to be abundant and important in the colonisation of very old
beach-cast wrack accumulations in the Baltic Sea (Jedrzejczak 2002b), but in low
densities in beach-cast wrack accumulations in south-western Australia, which may be
due to the reduced conditions of oxygen exchange (McLachlan 1985). High meiofaunal
densities may occur when there is an optimum balance between wrack input and oxygen
availability (McGwynne et al. 1988).
· The presence of wrack and its associated first-order consumers influences the
abundance and diversity of higher order consumers, such as fish and shorebirds, through
the provision of food and/or shelter (Kirkman and Kendrick 1997; Colombini and
Chelazzi 2003) .. In beach-cast wrack, spiders and predatory beetles feed on other
6
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I

invertebrates (Colombini et al. 2000; Ince 2004). Energy and nutrients, primarily
derived from these marine subsidies, enable higher.,.order consumers to achieve greater
densities than could be supported by land resources alone (Polis and Hurd 1995; 1996a;
1996b; Anderson and Polis 1998; Stapp and Polis 2003).

Increased invertebrate

abundances in this region is thought to increase abundances of predators, such as
lizards, rodents and coyotes (Rose and Polis 1998; Stapp and Polis 2003). In addition,
wrack-associated fauna are considered to provide food for a wide range of shorebirds
(Dierschke 1994; Kirkman and Kendrick 1997; Dugan et al. 2003; Hubbard and Dugan
2003). Increased abundances of some bird species appear to be related to increased
biomass of detached kelp on beaches (Bradley and Bradley 1993; Lopez-Uriate et al.
1997; Dugan et al. 2003).
Fish can rely indirectly on detached macrophytes for food by feeding on the
associated invertebrate fauna, or directly as a habitat and shelter from predation
(Mitchell and Hunter 1970; Stoner and Livingston 1980; Robertson and Lenanton 1984;
Wright 1989; Safran and Omori 1990; Kingsford 1992). Detached macrophytes in
nearshore waters provide fish with an invertebrate food source, particularly crustaceans
(Stoner and Livingston 1980; Robertson and Lucas 1983; Robertson and Lenanton
1984). Higher abundance of fish associated with detached macrophytes are thought to
be due to the algae providing fish with a habitat and reduced risk of predation in Florida
(Stoner and Livingston 1980; Kulczycki et al. 1981), Kuwait (Wright 1989), southern
California and Baja California (Mitchell and Hunter 1970) and south-western Australia
(Lenanton et al. 1982; Robertson and Lenanton 1984). Detached algae within seagrass
beds can also benefit invertebrates and fish by providing them with a means of dispersal
(Holmquist 1994; Brooks and Bell2001).
Submarine canyons act as conduits of coastal detritus to the deep-sea regions,
fuelling patches of intense secondary production and linking marine macrophyte
production to higher trophic levels (Vetter 1995; 1998; Vetter and Dayton 1998). Large
macrophyte accumulations in deep-sea areas and submarine canyons can provide
crustaceans, fish and other fauna with a food source and habitat (Josselyn et al. 1983;
Lawson et al. 1993; Vetter 1994; 1995), and refuge from predators (Vetter 1998). In
turn, crustaceans utilising these areas provide an important food source for, and increase
production of, large numbers of demersal and pelagic fish species (Vetter 1994; 1995),
resulting in greater production of predators in these detached macrophyte
accumulations.
7

1.4 Detached macrophytes in south-western Australia

Along much of the temperate coast of Western Australia, large multispecies
seagrass meadows and limestone reefs that support extensive beds of macroalgae occur
in coastal regions (Ayvazian and Hyndes 1995). During storms and large swells, huge
quantities of macrophytes detach from seagrass meadows and reefs (Kirkman and
Kendrick 1997). Seagrass meadows comprising Amphibolis and Posidonia species in
the region provide a high supply of leaf material, due to their high biomass and leaf
turn-over rates (Marba and Walker 1999) and loss through storm events. Large biomass
of detached macro algae (primarily kelp) derived from offshore reefs can accumulate in
adjacent areas up to at least hundreds of metres away from individual reefs, thereby
providing an important trophic link between the two habitats (Wernberg et al. 2005).
Large biomass of detached seagrasses and macroalgae are also transported towards the
shore and accumulate in the surf-zones and on beaches along the length of the temperate
Australian coastline, where they exchange between the beach and the surf-zone due to
the tides and beach morphology (Hansen 1984; Kirkman and Kendrick 1997). Beaches
that accumulate these macrophytes represent a major area for the processing of offshore
primary production in the region (Kirkman and Kendrick 1997).
Exposed sandy beaches in south-western Australia have narrow, steep surfzones, with highly mobile sand, low phytoplankton productivity, low infaunal filterfeeder densities and large accumulations of detached macrophytes (Robertson and
Lucas 1983). Accumulations of detached macrophytes in the region, ,which comprise a
mixture of seagrass and brown, red and green algae (Hansen 1984), are likely to be
important in surf-zones when they occur in large quantities and have long residence
times (van der Merwe and McLachlan 1987). The presence of wrack on beaches has
been shown to strongly influence invertebrate fauna, with flies and beetles being
abundant where wrack is present, whereas macroinvertebrates are almost absent on
beaches that lack wrack (Ince 2004). In addition to macrofauna, beach-cast wrack has
also been shown to comprise bacteria, protozoa, epifauna, meiofauna, which is
dominated by nematodes, harpacticoid copepods, oligochaetes and turbellarians
(McLachlan 1985). In contrast to beaches, surf-zone wrack is dominated by the aquatic
amphipod Allorchestes compressa Dana and to a lesser extent Atylus sp. (Robertson and
Lucas 1983; McLachlan 1985; Edgar 1990).
Allorchestes compressa plays an important role in surf-zone wrack breakdown

by grazing directly on macrophyte tissue, and provides an important link in coastal food
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chains by supporting a number of fish species, particularly juvenile Aldrichetta forsteri,
Cnidoglanis macrocephalus, Pelsartia humeralis and Haletta semifasciata (Robertson

and Lucas 1983; Robertson and Lenanton 1984; Lenanton and Caputi 1989). The major
route of energy flow in the surf-zone therefore appears to be via the macrophyte detritus
- amphipod - fish pathway (Robertson and Lenanton 1984). Surf-zone wrack
accumulations are also thought to provide protection from predation for juvenile fish.
Wrack may provide diurnal refuge for juvenile fish from larger fish and avian predators,
such as cormorants, which would feed less effectively in dense wrack accumulations in
the shallow waters of the surf-zone (Lenanton et al. 1982; Robertson and Lenanton
1984; Lenanton and Caputi 1989).
1.5 Aims and thesis structure

Despite the prevalence of wrack accumulations m many coastal regwns
worldwide, there has been a limited number of studies on the food source(s) for wrackassociated invertebrates, including those in south-western Australia (e.g. Robertson and
Lucas 1983; Pennings et al. 2000; Adin and Riera 2003; Ince 2004). In particular, there
is a need to understand which types of plants are assimilated by the first order consumer
and transferred up the food chain to higher order consumers (Hyndes and Lavery 2005).
In addition, the role that habitat structure plays through different types of macrophytes
in influencing consumers is not known. Thus, there is a need to further investigate the
role of different types of detached macrophytes in terms of their link to the food web
and their function as a habitat in coastal ecosystems. The prevalence of accumulations
of macrophytes, comprising a mixture of seagrass and brown, red and green algae in
south-western Australia provides an ideal environment to further explore the role of
wrack in coastal environments.
This thesis aims to provide a greater understanding of the importance of surfzone accumulations of detached macrophytes, which are transported into unvegetated
nearshore waters from more productive offshore areas, as a habitat and in relation to
food web linkages between detached macrophytes, invertebrate fauna and fish in coastal
ecosystems of south-western Australia (Figures 1.1 and 1.2). The major question
addressed in this thesis concerns the significance of the different components of
detached macrophytes by establishing the degree to which seagrasses and brown, red
and green algae function as habitat and a direct and indirect food source for the
amphipod Allorchestes. compressa and fish in nearshore areas in south-western Australia
(Figure 1.2). The influence of different volumes of surf-zone wrack on fish abundance
9
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and composition was also investigated (Figure 1.2). These questions were examined
using a combination of laboratory and field experiments.
This chapter (1) contains background information and conceptual ideas for the
research. Chapter 2 describes the study sites and species composition of wrack
accumulations in the surf-zone at each site in the study region. Chapters 3 to 6 are
presented as discrete papers. Each of these chapters has a specific abstract, introduction
and discussion on inter-related topics and therefore some repetition is inevitable. The
final chapter (7), provides conclusions to the study and discusses management
implications and future research directions. The references for all chapters have been
placed together at the end of the thesis.

FOOD
{Chapters 4

FISH

~

HABITAT
• volume
• type

INVERTEBRATES

FOOD

~ tI

(Chapters 3, 5 & 6) \

HABITAT

(Chapter 4)

(Chapter 3)

WRACK TYPE
(Chapter 2)

i
DETACHED MACROPHYTES
Figure 1.2: Conceptual diagram of thesis content, investigating habitat and food web linkages
between detached macrophytes, invertebrate fauna and fish in south-western Australia.

The importance of different types of wrack in providing food and habitat for
invertebrates (Figure 1.2) is examined in Chapter 3, using both laboratory preference
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trials and field experiments. Chapter 4 investigates the importance of different types and
volumes of surf-zone wack in providing a habitat for fish (Figure 1.2) through a series
of tank trials and field sampling, respectively. In addition, the importance of wrackassociated invertebrates as a food source for juvenile fish was examined by gut content
analysis. Chapter 5 specifically examines the fractionation of the stable isotopes (o 13 C
and

o15N) and the uptake oflipids by Allorchestes compressa grazing on different types

of macrophytes. Stable isotope and lipid biomarkers were then used to examine the
trophic, transfer of energy and nutrients from detached macrophytes to invertebrate and
fish samples in Chapter 6.
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CHAPTER 2 - STUDY SITES AND SPECIES- AND SIZECOMPOSITION OF SURF ZONE WRACK ACCUMULATIONS

2.1 Study sites

The study region extended from Shoalwater Bay, approximately 50 km south of
Perth, to Two Rocks, approximately 40 km north of Perth (Figure 2.1). Most of the
coastline in this region consists of open sandy beaches with low to moderate energy
waves, and more severe wave climate during winter and spring, when south to southwest swells predominate (Eliot et al. 1982; McLachlan 1985; Valesini et al. 2003).
Frequent winter storms in the region generate heavy seas and swell, which are most
frequent and intense during late autumn to early spring (Lemm et al. 1999). Beaches in
Perth are usually reflective, with a large proportion of the wave energy reaching the
intertidal zone (McLachlan 1985). The tidal range along the coast of south-western
Australia is less than one metre and tides are generally diurnal (Hodgkin and Di Lollo
1958). The prevailing coastal winds are predominantly offshore in summer and onshore
in winter (Eliot et al. 1982). Large wrack accumulations are a prominent feature in the
surf zone and on many sandy beaches, particularly during late autumn to early spring,
along the lower west coast of Australia (Lenanton et al. 1982; Hansen 1984; Kirkman
and Kendrick 1997; Ince 2004).
Four sandy beaches were chosen as study sites: Two Rocks, Hillarys, Marmion
and Shoalwater Bay (Figure 2.1, Plate 2.1). These sites were chosen because, during
autumn and winter, they regularly receive large amounts of wrack, which consists of a
mixture of different types of detached macrophytes (i.e. both seagrass and macroalgae)
rather than a more homogeneous mix of either seagrass or macroalgae. Two Rocks was
also chosen because it has been shown to have large accumulations of macrophytes
during summer (Hansen 1984), enabling summer sampling to be carried out when
necessary.
The study sites were categorised according to the criteria provided by Valesini et
al. (2003) as "moderately exposed to wave activity, with dense seagrass beds located
more than 50m from the shoreline" (habitat type 4) for Shoalwater Bay, and
"moderately to fully exposed to wave activity, with reefs present within 50m of the
shoreline and also further offshore; vegetation largely restricted to macroalgae
12

associated with reefs" (habitat type 5) for Hillarys, Marmion and Two Rocks. These two
habitat types are representative of the surf zone habitats within the broader study region.

Two Rocks

fN
Indian Ocean

310S7'
~Rottnest

Garden

Island

Island~

Shoalwater Bay

0

20km

Figure 2.1. Map of study area showing location of Two Rocks, Hillarys, Marmion and
Shoalwater Bay in south-western Australia.
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Phillips (1996). Pieces of wrack material that were >4.75 mm, but which were too
small and numerous to separate out were grouped together and weighed as a combined
(>4.75 mm) sample. For each wrack sample, macroinvertebrate fauna present in each
sieve fraction (only 1 and 2 mm sieves were used for the spring 2002 survey) were
removed and stored in 70% ethanol until further processing. The invertebrates were
classified as gammarid amphipods, isopods or "other" invertebrates, and counted under
a dissecting microscope. Dry weights for both wrack and invertebrate size classes were
recorded after drying the samples at 60°C for 48 hours.
In this study, the majority of the biomass of wrack comprised particles >4.75mm
in size at each site and season (Table 2.1 ). At all sites, there was greater biomass of
wrack in autumn 2004 and winter 2004 than in spring 2002 and winter 2003 (Table 2.1),
highlighting the transient and variable nature of wrack accumulations. Previous surf
zone accumulations of detached macrophytes in the same study region were shown to
comprise an entire size spectrum, from micron-sized particulate matter to large
fragments of macrophytes (Hansen 1984). Wrack can be highly variable in distribution
and abundance along the coast and show a large degree of temporal, spatial and
seasonal variability in biomass (Hansen 1984; Kirkman and Kendrick 1997). Between
storms, wrack can wash back and forth between the surf zone and beach, with residence
times ranging from hours to months (Hansen 1984). This movement of wrack alters the
biomass of surf zone wrack. Hansen (1984) found that the standing crop of detached
macrophytes, both in the surf zone and on the beaches, in the same

~tudy

region from

1980 to 1982 ranged from 1.3 to 45.3 kg DW m- 1 coastline (average 20 kg DW m- 1
coastline). Wrack biomass along the coast varied seasonally in 1981, with increased
accumulations during winter months when plant material was pushed onto the beaches
by strong winds and waves, whereas there was no seasonal pattern in the biomass of
wrack accumulations in 1982 (Hansen 1984). A study ofbeach wrack accumulations in
Geraldton (approximately 400 km north of this study region), showed that there was no
seasonality in beach wrack accumulations at one location, while the contrast occurred
where there was considerable movement of wrack onto and off the beaches (Wells
2002). The study region at Geraldton displayed variation in the longshore movement of
wrack with considerable flux in wrack between nearshore and offshore waters (Wells
2002).
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Table 2.1: Average size composition of wrack particles (g dw macrophyte ± S.E) sampled at
four sites in south-western Australia over four seasons. N.A. =not available. Sample size= 3.
* = Sampled for two seasons only.
Season & particle size

SITE
Marmion

Hillarys

Two Rocks

Shoalwater Bay*

spring 2002
>4.75 mm
4mm
2mm
1mm
0.5mm

80.66 ± 14.32
0.42 ± 0.17
1.38 ± 0.50
1.11 ±0.27
N.A.

72.30 ± 15.46
0.26 ± 0.08
1.63 ± 0.64
1.91 ±0.88
N.A.

58.41 ± 9.83
0.21 ± 0.03
0.84 ± 0.06
0.87± 0.05
N.A.

winter 2003
>4.75 mm
4mm
2mm
1mm
0.5mm

69.85 ± 25.11
0.91 ± 0.46
0.70 ± 0.17
0.63 ± 0.46
12.34 ± 4.00

58.21 ± 1.88
0.19 ± 0.12
2.23 ± 1.62
1.55 ± 0.79
1.54 ± 0.59

125.49 ± 17.67
0.32 ± 0.09
1.31 ± 0.28
2.17±0.40
3.97 ± 2.01

autumn2004
>4.75 mm
4mm
2mm
1mm
0.5mm

193.24 ± 32.05
0.44 ± 0.04
5.66 ± 1.65
5.04 ± 0.75
56.20 ± 15.20

424.87 ± 66.01
1.81 ± 1.18
6.03 ± 2.87
2.54 ± 0.70
1.30 ± 0.30

263.68 ± 43.93
0.16 ± 0.04
0.98 ± 0.23
2.29 ± 0.36
41.18 ± 6.40

217.33 ± 31.32
0.51 ± 0.21
2.08 ± 0.44
2.94 ± 1.16
2.10 ± 0.88

winter 2004
>4.75 mm
4mm
2mm
1mm
0.5mm

202.84 ± 13.17
0.82 ± 0.14
1.78 ± 0.58
1.17±0.33
1.33 ± 1.13

133.22 ± 15.85
0.13 ± 0.04
1.04 ± 0.33
2.13 ± 0.88
3.93 ± 2.56

187.27 ± 30.83
0.63 ± 0.26
0.81 ± 0.23
0.50 ± 0.08
0.24 ± 0.01

145.33 ± 15.72
0.00 ± 0.00
0.09 ± 0.01
13.89 ± 13.75
0.47 ± 0.07

In the present study, the biomass of the different wrack components varied both
temporally (between seasons) and spatially (between sites) (Figure 2.2). The majority of
wrack in the >4.75mm fraction generally comprised seagrass and brown algae, with
smaller amounts of red algae at all sites for all seasons (Figure 2.2). Green algae were
negligible components of wrack (< 5%) at all sites for all seasons (Figure 2.2). Seagrass
was often as dominant or more dominant in the wrack as brown algae, which contrasts
with Hansen (1984) who found that brown algae was the major component of wrack,
followed by seagrass. However, both studies showed that red algae were less dominant
than seagrass and brown algae. Red algae were only major wrack components(> 50%)
relative to seagrass and brown algae at Hillarys in spring 2002 and Two Rocks in
autumn 2004 (Figure 2.2). The higher proportion of red algae at Two Rocks in autumn
2004 was most likely due to sampling on the northern rather than the southern side of
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the marina in that season. Robertson and Lucas (1983) also conducted a seasonal survey
of surf-zone macrophytes and found that brown algae, seagrass and red algae were the
major taxa. Kirkman and Kendrick (1997) showed that brown algae and seagrass
together accounted for 93.5% of the total biomass of submerged drifting macrophytes in
1985.
b) Winter 2003

a) Spring 2002
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Figure 2.2: Percent composition (g dw macrophyte) of different wrack types sampled at four
nearshore sites in south-western Australia from four seasons. Sample size is three.

The relative proportion of different types of macrophytes (i.e. seagrass and
brown, red and green macroalgae) present within wrack accumulations reflects their
relative importance as attached macrophytes along the south-western Australian
coastline. Along the temperate coastline of south-western Australia, seagrasses occupy
extensive areas of nearshore, subtidal sand habitats, wherever there is some shelter from
ocean swells (Cambridge and Hocking 1997; Kendrick et al. 1999). Large seagrass
meadows extend off the coast of the region from Cape Naturaliste to Shark Bay, and
1000 km to the north (Kirkman and Kirkman 2000). Temperate Australian seagrass
meadows comprise predominately Posidonia and Amphibolis species, which form
canopies and eo-occur in the region (Kendrick et al. 1999; Lavery and Vanderklift
2002). Similarly, limestone and granite reefs extend along more than 1600 km of the
south-western Australian coastline (Wernberg et al. 2003) and are dominated by large
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brown algae, particularly the kelp Ecklonia radiata (Cambridge and Hocking 1997;
Wemberg et al. 2003; Goodsell et al. 2004). The biomass of attached macroalgae in the·
Perth metropolitan region was dominated by brown algae (78.9%), with red algae
(17.5%), and green algae (3.6%) making far lower contributions (data recalculated from
Wemberg et al. 2005). The high contribution of red algae compared to green algae in
the wrack of surf zones is likely to reflect their higher contribution to the understorey on
reefs (e.g. Lobophora, Rhodymenia andAmphiroa spp.) (Wemberg et al. 2003), as well
as the epiphytic components (e.g. Hypnea sp.) of seagrass leaves (Lavery and
Vanderklift 2002).
In terms of seagrass, Posidonia and Amphibolis were the dominant genera in the
wrack. Amphibolis was more dominant than Posidonia at Marmion and Two Rocks,
while the reverse pertained at Shoalwater Bay and the two genera were in roughly equal
proportions at Hillarys (Table 2.2). Similarly, Hansen (1984) showed that Posidonia
and Amphibolis were the most important seagrasses in the wrack. Differences in the
dominance of these seagrasses at different locations are likely to reflect dominance of
those genera in areas offshore from the sites.
Ecklonia and then Sargassum were the dominant genera of brown algae, with
Ecklonia more dominant than Sargassum at all sites except at Two Rocks, where they
had similar biomass (Table 2.2). Ecklonia radiata was also shown to be the dominant
brown alga in the wrack at other locations, while the presence of Sargassum tended to
be more seasonal (Robertson and Lucas 1983; Hansen 1984). Similarly, in offshore
seagrass meadows in the study region, E. radiata was a dominant component of the
detached reef algae at Marmion and at Jurien Bay, further north from these study sites
(Wemberg et al. 2005). The dominance of E. radiata in wrack reflects its dominance on
reefs in the region (Wemberg et al. 2003). The abundance (i.e. frequency of occurrence
in quadrats sampled) of E. radiata ranged between 58 and 99% across more than 1000
kilometres of south-western Australian coastline, with decreasing importance as a
canopy species southwards from the Perth metropolitan region (Wemberg et al. 2003).
In comparison, the abundance of Sargassum spp. ranged from 20 to 55%. Cystophora,
another dominant species of brown algae on reefs in the region (Wemberg et al. 2003),
was collected in reasonable biomass at Hillarys, but not at other sites (Table 2.2). Other
brown algae species were small components of the wrack at all sites.

18

Table 2.2: Percent composition (average ± S.E.) of different genera of marine macrophytes in
surf zone detached macrophyte accumulations from four seasons sampled at nearshore sites in
south-western Australia. Sample size shown in brackets.
Macrophyte genera

Seagrass
Amphibolis
Posidonia
other seagrasses
Brown algae
Ecklonia
Sargassum
Cystophora
other brown algae
Green algae
Ulva
Caulerpa
Codium
other green algae
Red Algae
Hypnea
Lenormandia
Glaphymenia
Laurencia
Champia
Dictyomenia
Polysiphonia
Coelarthrum
Dasya
Bornetia
Ploclamium
Asparagopsis
Gracilaria
Lobophora
Chondria
Ptilophora
Rhodymenia
Haloplegma
Osmundaria
Pterocladia
Botrycladia
Red algae functional grou1,1s
Filamentous reds
Corticated terete
Arti~ulated calcareous
Corticated foliose

Site
Marmion
(12)

Hillarys
(12)

47.9 ± 4.9
12.3 ±1.9
0.3 ± 0.3

23.4 ± 3.0
20.4 ± 2.5
0.3 ± 0.2

32.1 ± 4.8
8.9 ± 4.4
0.1 ± 0.0

18.2 ± 1.5
29.0 ± 6.2
0.3 ± 0.2

20.6 ± 5.4
7.0 ± 2.4

17.2 ± 5.4
4.9 ± 2.4
5.7 ± 5.7
1.7 ± 1.1

9.7 ± 2.7
8.7 ± 2.7

32.4 ± 7.7
1.1 ± 0.6

0.2 ±0.2
0.3 ±0.2
0.1 ± 0.1

0.6 ± 0.3
0.3 ± 0.3
0.1 ± 0.1

1.6 ± 0.8
1.5 ± 0.8
0.3 ± 0.3
0.6 ± 0.1
0.1 ± 0.0
1.4 ± 0.5
0.2 ± 0.0
0.2 ±0.0

0.2 ±0.2

0.5 ±0.2

9.6 ± 3.1
0.6 ± 0.4
0.2 ±0.0
3.9 ± 1.0
0.8 ±0.5
0.7 ± 0.4
0.5 ±0.2

0.3 ± 0.3
0.3 ±0.2
0.4 ± 0.3
0.2 ± 0.1
0.1 ± 0.0

0.1 ± 0.0
0.1 ± 0.0

0.1 ± 0.0
0.2 ± 0.1
0.7 ± 0.5

0.4 ± 0.2
0.3 ±0.1
1.4 ± 0.3
2.5 ±0.5

0.9 ±0.5
1.1 ± 0.6
1.5 ± 0.7
3.2 ± 0.6

Two Rocks
(12)

Shoal water
Bay (6)

0.9 ± 0.5
0.2 ± 0.1
0.2 ± 0.1
0.6 ± 0.3

0.1 ± 0.1
0.2 ± 0.0

4.4 ± 0.9
0.4 ± 0.2

3.8 ± 2.1
0.6 ±0.2

13.4 ± 3.4
0.6 ± 0.3
1.7 ± 0.4
1.8 ± 0.5
0.1 ± 0.0
0.2 ± 0.1

2.9 ±0.6
0.3 ± 0.2
0.1 ± 0.0

0.4 ± 0.2

0.3 ± 0.2

1.9 ± 0.6
0.8 ± 0.4
0.1 ± 0.0
0.2 ± 0.0
0.3 ± 0.3
0.1 ± 0.1
2.0 ± 0.8
0.3 ± 0.2
0.5 ± 0.2

0.3 ±0.2
0.2 ± 0.2

1.1 ± 0.5
1.0 ± 0.3
3.9 ± 0.6
3.6 ±0.8

0.6 ±0.3
0.2 ±0.0
0.3 ± 0.2
0.3 ±0.0

0.2 ± 0.1
0.9 ±0.3
7.8 ± 2.5
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Red algae were dominated by the genera Laurencia, Hypnea and Dictyomenia at
all sites, while Polysiphonia, Gracilaria, and Osmundaria made relatively high
contributions at Two Rocks (Table 2.2). Hypnea was also the most dominant red alga,
followed by Pterocladia, at other locations in an earlier study (Hansen 1984). In terms
of functional groups, red algae comprised mainly corticated foliose, followed by
articulated calcareous algae (Table 2.2), which are common as epiphytic algae on
seagrass leaves (Lavery and Vanderklift 2002) and as understorey species on reefs in
the region (Wemberg et al. 2003). Of the small amount of green algae, Ulva was most
consistently present, followed by Caulerpa and Codium species (Table 2.2). Ulva was
also present in other wrack surveys, but like this study, it was found in small quantities
(Robertson and Lucas 1983).
Gammarid amphipods were the dominant type of macroinvertebrate fauna at all
sites (Table 2.3). While amphipods \Vere not identified to species level in these surveys,
results from Chapter 3 suggest that they comprised mainly Allorchestes compressa.
With the exception of autumn 2004, higher numbers of amphipods were caught at Two
Rocks relative to the other sites (Table 2.3). Lower abundances at Two Rocks in autumn
2004 may be due to the different sampling locality at this site during this season.
Isopods were the only other type of macroinvertebrate that was caught reasonably
consistently during the survey (Table 2.3). However, abundances of isopods were low
during the study, except at Shoalwater Bay, which had relatively high abundance in
autumn and winter 2004 (Table 2.3).
Table 2.3: Average number of macroinvertebrate fauna(± S.E.) at four sites in south-western
Australia during four seasons. " samples do not include <0.5mm size fauna. "Other" includes
gastropods, beetles, decapods, worms and copepods. Sample size= 3.
Am phipods

Isopods

Other

Season

Site

Spring 2002"

Marmion
Hillarys
Two Rocks

366 ± 156.6
143 ± 80.1
642 ± 328.9

Winter 2003

Marmion
Hillarys
Two Rocks

185 ± 61.5
126 ± 40.9
1773±414.1

1 ± 0.6
1 ± 0.3
1 ± 0.3

0.3 ± 0.0

Marmion
Hillarys
Two Rocks
Shoalwater Bay

298 ± 58.4
72 ± 19.9
49 ± 8.1
789 ± 239.4

1 ± 0.9

1.0 ± 0.6

2 ±0.9
22 ± 7.8

1.7 ± 0.0

Mannion
Hillarys
Two Rocks
Shoalwater Bay

245 ± 41.6
88 ± 62.1
257 ± 30.9
195 ± 129.8

Autumn 2004

Winter 2004

4.0 ± 1.2

1 ± 0.6
1 ±0.7
66 ± 58.9
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The amphipod A. compressa has been shown to be the major inhabitant of surfzone wrack within the same study region (Lenanton et al. 1982; Robertson and Lucas.
1983) and further north in Western Australia (Edgar 1990). Similarly, other amphipod
species (such as Atylus sp.), isopods, polychaetes, molluscs and other fauna were
present in smaller densities in surf zone wrack (Lenanton et al. 1982; Edgar 1990).
Allorchestes compressa can also be abundant in beach-cast wrack in moist wrack beds

low on the shoreline (McLachlan 1985), yet low in abundance in drier accumulations of
beach wrack (Ince 2004).
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CHAPTER 3- THE ROLE OF DIFFERENT TYPES OF DETACHED
MACROPHYTES IN THE FOOD AND HABITAT CHOICE OF
ALLORCHESTES COMPRESSA

Abstract

The importance of different types of detached macrophytes as a food source and habitat
for the amphipod Allorchestes compressa was investigated. Detached macrophytes
comprise seagrasses and brown, red and green algae, which wash into the surf zone
from offshore areas. Allorchestes compressa is the dominant macroinvertebrate species
in south-western Australian wrack, and is one of the main prey of juvenile fish in
nearshore wrack habitats. The present study examined the dietary and habitat
preferences of this amphipod using a series of tank and field experiments. The first
experiment tested for dietary preference of different types of macrophytes, where the
macrophytes were placed in treatment and control tanks and amphipods were placed in
the treatment tanks to feed over four days. Allorchestes compressa primarily consumed
the brown algae Ecklonia radiata and Sargassum sp.. The second experiment tested for
habitat preference using the same eight macrophytes, where a series of pairwise
comparisons were used to test for differences in numbers of amphipods between each
type ofmacrophyte after a three-hour period. These tests showed that, in the absence of
fish predators, A. compressa selected seagrass as its preferred habitat over the other
types of wrack. In contrast, A. compressa showed a preference for different wrack types
in in situ caging experiments at two sandy beaches. Different types of wrack were
placed in cages and randomly placed in surf zone wrack for three hours, with A.
compressa preferring mixed wrack, brown algae or red algae over seagrass as a habitat.
The contrasting results suggest that, in the field, A. compressa may have to trade-off
between optimal shelter from predation and optimal food source. The importance of
different types of wrack to A. compressa highlights a strong link between offshore
primary production which has moved into nearshore habitats and highlights the need to
manage the diversity of macrophyte types in coastal areas to support invertebrate and
fish production.
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3.1 Introduction

Detached macrophytes that have been transported from other regions and
accumulate in subtidal regions of exposed sandy beaches can play a major role in
fuelling secondary production, particularly for sandy beaches with little in situ
production (Brown and McLachlan 1990). Accumulations of detached macrophytes,
which are known as wrack and can comprise seagrass and macroalgae, generally
support a rich and diverse invertebrate fauna (Behbehani and Croker 1982; Griffiths et
al. 1983; McLachlan 1985; Colombini et al. 2000; Colombini and Chelazzi 2003).
Amphipods, isopods and dipterans are the major primary confiumers of beach-cast
wrack, with amphipods usually the most numerically dominant (Moore and Legner
1973; Hayes 1974; Koop and Field 1980; Griffiths and Stenton-Dozey 1981; Behbehani
and Croker 1982; Crafford 1984; McLachlan 1985; Marsden 1991b; Colombini and
Chelazzi 2003).
On beach-cast wrack in South Africa, Kenya, Australia, New Zealand and
northern New England, amphipods have been shown to comprise 50- 90% of the total
macroinvertebrate fauna (Behbehani and Croker 1982; Griffiths et al. 1983; Robertson
and Lucas 1983; McLachlan 1985; van der Merwe and McLachlan 1987; Inglis 1989;
Ochieng and Erftemeijer 1999), although their abundances can vary both spatially and
temporally (Koch 1990; Marsden 1991a; Dugan et al. 2003).

This variability is

presumably related to amphipods typically reproducing and growing rapidly (Duffy and
Hay 2000), enabling them to capitalize and forage on the unpredictable influxes of plant
material and reach high densities (Griffiths and Stenton-Dozey 1981; Venables 1981;
Robertson and Lucas 1983; Colombini et al. 2000). Amphipods, in turn, can provide
food for other invertebrates, fish and shorebirds (Lenanton et al. 1982; Polis and Hurd
1996b; Dugan et al. 2003), making them important links in the food chain in this type of
environment.
Macroinvertebrate grazers have shown preferences for different types of
macrophytes. Feeding experiments have shown that grazers associated with beach-cast
wrack, such as amphipods and isopods, display a preference for algae over angiosperms,
and brown algae over other types of macroalgae (Koop and Field 1981; Moore and
Francis 1985), a conclusion also made using stable isotopes (Adin and Riera 2003;
Hyndes and Lavery 2005). Such feeding preferences of grazers are thought to be due to
general algal traits, imdin particular a preference for aged over fresh wrack (Pennings et
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al. 2000). Habitat preferences of mesoherbivores, such as amphipods, can be closely
linked to their food choice (Pavia et al. 1999), making it difficult to separate habitat
effects from those of feeding (Duffy and Hay 1991; Edgar and Shaw 1993). Habitat
preference of invertebrates are thought to relate to their ability to provide protection
from predators, habitat complexity, the volume and.moistness of the plant material and
provision of sufficient space that favours maximum production (Kensley 1974; Duffy
and Hay 1991; Marsden 1991a; Martin-Smith 1993; Bostrom and Mattila 1999; Persson
1999; Colomb.ini et al. 2000; Atkins and Kikuchi 2001).
In south-westem Australia, the amphipod Allorchestes compressa plays an
important role in the breakdown of surf zone wrack, where a large proportion of the
annual primary production of macroalgae and seagrasses detach and pass through the
surf zone and sandy beaches (Robertson and Lucas 1983). Allorchestes compressa,
which is consumed by a number of fish species in surf zone wrack accumulations
(Lenanton et al. 1982; Robertson and Lenanton 1984, Chapter 4), grazes directly on
macrophytes (Robertson and Lucas 1983), but not all wrack detritus is likely to be of
equal value as food or shelter. Robertson and Lucas (1983) suggested that A. compressa
was more abundant in the surf zone on branching red algae than on seagrass or the
brown alga Ecklonia radiata, although this was not tested experimentally. However,
feeding preference experiments and gut content analysis suggested that the decomposed
brown alga Ecklonia radiata ranked highly, while branching red algae ranked poorly
(Robertson and Lucas 1983). Since variation in the species

comp~sition

of detached

macrophytes could lead to variation in the abundance of A. compressa, there is a need
for further investigation into the roles of different types of detached macrophytes in
terms of their link to the food web and their function as a habitat in coastal ecosystems.
I, therefore, aimed to explore through a series of laboratory and field experiments, the
importance of different types of detached macrophytes as food sources and habitat for
A. compressa. I hypothesize that A. compressa shows a preference for different types of
detached macrophytes as a source of food or habitat.
3.2 Materials and Methods
3.2.1 Feeding preference experiments

Adult-sized Allorchestes compressa (Plate 3.1) were collected from wrack at
Two Rocks, along the lower west coast of Australia (Figure 2.1) in January 2003 for use
in all tank experiments. Amphipods were housed in 35 x 23 x 19 cm holding tanks
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containing a mixture of macrophytes for several weeks to allow them to acclimatise to
being in captivity before being used in experimental trials. Holding tanks were aerated
and kept at a constant temperature of 20°C, which was similar to seawater temperature
at the time of the experiments.

Plate 3.1 : Adult male A//orchestes compressa, showing pau of clawed thoraic legs
(gnathopods), which can be used during feeding and mate guarding. Photograph taken by K.
Crawley using an Olympus digital camera attached to a dissecting microscope .

Prior to the commencement of the feeding preference experiments, amphipods
were pre-starved for 24 hours. Twenty 1.8 I plastic containers (13 x 13 x 12 cm) were
filled with 2011m-filtered seawater to approximately 8 cm water depth . All containers
were equipped with air stones and housed in a laboratory under controlled conditions at
20°C room temperature and illuminated by 36 W fluorescent lights, with 12 hours light
and 12 hours darkness to simulate field conditions.
A range of different types of macrophytes that constituted relatively abundant
macrophytes in the wrack in the surf zone of the study region were collected as attached
plants from reefs and seagrass meadows. Fresh material was collected in order to
standardise the state of decomposition. Each plant type was left to decompose m
separate containers of seawater for three days prior to the commencement of the
experiment since this is the expected time taken for detached macrophytes to move from
offshore to nearshore regions. All macrophyte species were scraped to remove
epiphytes, washed clean and stored frozen at -20°C. Ten of the 20 containers were
randomly assigned . as treatment containers, while the remainder were assigned as
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control containers. Approximately 100 milligrams each of brown algae (Ecklonia
radiata and Sargassum sp.), red algae (Hypnea sp. and Laurencia sp.), green algae
(Ulva lactuca and Caulerpa geminata) and seagrasses (Posidonia australis and
Amphibolis grif.fithii) were placed in each container. Groups of 15 amphipods were
randomly selected from the holding aquarium and placed in the treatment containers.
Amphipods were placed in the tanks at 9am and removed after 96 hours. Blotted wet
weights of the macrophyte pieces were recorded at the start and end of the experiment
to the nearest 0.1mg.

For both treatments and controls, the wet weight of the

macrophyte at the end of the experiment was subtracted from its wet weight at the
beginning of the experiment to determine the change in macrophyte wet-weight over the
four-day time period. Peterson and Renaud (1989) suggest that feeding trials need to be
short relative to the time required for autogenic change (i.e. growth, respiration,
mortality and reproduction) to occur in the potential food sources.

While our

experiments were conducted over a short time span (i.e. 96 hours), we also accounted
for any potential short-term autogenic changes through the use of controls.
Since wrack contains a far greater diversity of red algae than brown and green
algae and seagrass, a second feeding preference trial was carried out to test the feeding
preference of Allorchestes compressa against a more diverse range of red algal species.
The same experimental procedure was carried out as described above, but using six
different red algal species, in combination with the brown alga Ecklonia radiata (a high
preference food) and the green alga Ulva lactuca (a medium preft?rence food). Red
algae species comprised Ploclamium sp., Dictyomenia sp., Gracilaria sp., Pterocladia
sp., Rhodymenia sp. and a different Laurencia sp. The amount of macrophyte material
was increased from 100 mg to 190 mg blotted wet weight of each food type to ensure
that the amphipods would have sufficient amounts of each macrophyte type for the
duration of the experiment if they showed a preference for consuming only one type of
food.
Differences between initial and final wet weights of different macrophyte types
were used to calculate percent macrophyte consumed and the grazing rate of
amphipods. Since the amounts consumed cannot be treated as independent, which
would violate one of the assumptions of univariate analysis (Peterson and Renaud
1989), the data were analysed using multivariate analysis (one-sample Ho telling's T2
test), as has been proposed for multi-choice feeding preference experiments (Roa 1992;
Manly 1993). The null hypothesis is that there is no food preference of the consumer,
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which is equivalent to testing whether the components of the mean vector of responses
are all equal to a constant k (Roa 1992). To avoid problems. of randomly pairing
treatment and control replicates (Manly 1993), the average change in wet weight for
each macrophyte species was calculated for the controls, which was then subtracted
from the change in weight for each treatment replicate for each macrophyte species. The
constant (k) was calculated as the grand mean of the difference in weight of all
replicates of the new data for all macrophytes types, with this constant subtracted from
each datum of the new data (Roa 1992). For both feeding trials, Hotelling's trace
multivariate statistic was used to test whether there was a significant grazing preference
using SPSS (Windows, Rei. 11.5.0. 2002 Chicago: SPSS Inc.). Hotelling's T2 was then
calculated by multiplying the value for Hotelling's trace by (n-g), where n is the sample
size (80) and g is the number of groups (8), while the F value, degrees of freedom and
level of significance are the same in both tests.

3.2.2 Habitat preference tank experiments
A habitat-choice tank experiment was conducted in order to determine whether

Allorchestes compressa showed a preference for the same eight species of macrophytes
as a habitat.

The experiments were carried out in a · series of six aquaria under

controlled conditions. The glass aquaria (height 225mm, 300mm long and 195mm
wide) were filled with seawater to a depth of approximately 10 cm, maintained at 20°C
room temperature, and illuminated by 36 W fluorescent lights for 12 hours a day.
Pair-wise combinations of the two sets of four macrophyte species were tested,
giving a total of 12 treatments. The first habitat trial used Ecklonia radiata, Hypnea sp.,

Ulva lactuca and Amphibolis griffithii comparisons (i.e. one species each of brown, red
and green algae and seagrass, respectively), while in the second trial Sargassum sp.,

Laurencia sp., Caulerpa geminata and Posidonia australis were used. Six replicates
were conducted for each of the 12 treatments, with one replicate for each treatment
carried out on each occasion. The replicates for each treatment were randomly assigned
to the tanks for each trial. All macrophyte material used in the experiment were at least
5 mm in size.
Amphipods were provided with an abundance of mixed wrack for food until the
commencement of the habitat trials, and considered to be satiated. This experiment
involved placing 10 randomly-selected Allorchestes compressa into each aquarium
containing equal weight of two different macrophyte types at either end of each tank
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(approximately 25 grams blotted wet weight).

A macrophyte-free corridor

approximately 10 cm wide was placed in the middle of the tank between the two
macrophyte types to prevent the different types mixing.
Only unpaired Allorchestes compressa were used in this experiment since,
similar to many amphipod species (Mathis and Hoback 1997), A. compressa exhibits
pre-copulatory pairing with males guarding females prior to mating (Crawley, pers.
obs.).

In this experiment, if unpaired amphipods paired up during the habitat

experiment, it was assumed that they paired up in the habitat they were in at the end of
the experiment and were scored as two individuals. Amphipods were added to the
centre of each tank, and left for three hours to select a habitat.

The trials were

terminated by placing an acrylic divider into the groove down the centre of the tank,
thereby containing the amphipods in their "chosen" habitat.
In order to test the influence of food in the habitat selection of Allorchestes
compressa, the same combinations of the eight types of macrophytes were used with

prestarved A. compressa. The amphipods were maintained under the same conditions,
except that prior to the commencement of the trials they were prestarved for 24 hours by
placing them in containers of seawater without food. Macrophyte material and
individuals of A. compressa were only used once during the experiment.
Non-parametric goodness-of-fit binomial test for nominal data was used to test
whether the overall proportion of amphipods across the six repliyates in each trial
showed a significant deviation away from a probability of 0.5 for equal distribution
between habitat types. Bonferroni post-hoc comparisons of treatment means were used
to determine which treatments differed from one another. Bonferroni procedures adjust
significance levels to control Type 1 error rates in multiple-testing situations (Quinn and
Keough 2002). Analyses were carried out using SPSS (Windows, Rei. 11.5.0. 2002
Chicago: SPSS Inc.).
3.2.3 Field caging experiments

A caging experiment was conducted to determine the preference of Allorchestes
compressa for different types of macrophytes that typically occur in surf zone wrack in

the study region. The field experiment was carried out at two sites, namely Two Rocks
and Shoalwater Bay, in south-western Australia (Figure 2.1 ), between mid February and
August 2004. Diffe:t;ent types of macrophytes were contained inside cages in the surf
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zone at a water depth of approximately 50cm. The cages consisted of metal bait cages
(30 cm long, 14 cm high and 12 cm wide) with 1 cm mesh diameter. Each cage was
suspended in the water column amongst the wrack in the surf zone by tethering it to a
line with a 5 kg circular weight as an anchor and a 3 I plastic bottle as a float (Plate 3.2).
The cages were placed in the surf zone at approximately one metre water depth.

(a)

(b)

Plate 3.2: Design of field caging experiments showing (a) cage set-up with float and weight
attached and (b) cages deployed in surf zone wrack accumulations at Two Rocks.
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The field experiment consisted of four treatments and two controls, with
treatments comprising brown algae (Ecklonia radiata and Sargassum spp.), red algae
(Hypnea spp. and Laurencia spp.), seagrasses (Posidonia spp. and Amphibolis grijfithii)

and a mixture consisting of all three types of plant material (i.e. brown and red algae
and seagrass) in equal proportions. Green algae was not included in this experiment
since it is present only in very small quantities in wrack along the surf zone of the study
region (Chapter 2). The first control consisted of strips of clear and black plastic, while
the second control consisted of a cage only to test for the influence of the cage itself on
the preference of the amphipods. Approximately 3 litres of material were used in the
cages for each treatment and the first control. There were six replicates for each
treatment and control, with one replicate for each treatment or control carried out on
each occasion. Cages were randomly deployed among the surf zone wrack.
The cages remained in the wrack for three hours to allow amphipods to recruit
into the cages from the surrounding wrack. The cages were removed from the surf zone
by placing a bag around the cage, which contained the plant material and invertebrates.
The cage, minus its contents, was then removed from the bag. Each sample was kept
frozen until processing. In the laboratory, the plant material and invertebrates were
sieved through a series of 63, 500, 1000 and 2000
invertebrates.

)liD

sieves for ease of sorting

Using a light microscope, all invertebrates were removed from the

macrophytes and stored in 70% ethanol. The invertebrate fauna from each sample were
identified as Allorchestes compressa, "other amphipods", isopods, tanaids, copepods or
"other taxa". The total number of individuals of each taxon was recorded, except in
samples that contained very large numbers of amphipods (greater than 2000
individuals), where a I litre Folsom plankton splitter was used to reduce the sample to a
manageable size (between 1/z to 1h2 of the original sample).
Since Allorchestes compressa represented >90% of the total catch and other taxa
were not consistently caught, only data for this species were analysed statistically. A
two-way ANOVA investigated differences in the abundance of A. compressa in the
different macrophyte types at both sites using SPSS (Windows, Rei. 11.5.0. 2002
Chicago: SPSS Inc.), with site considered a random factor and macrophyte type a fixed
factor. The data were checked for normality and Levene' s test was used to test for
homogeneity of variance, and transformed when necessary. When transformation did
not improve the test of homogeneity of variance, the raw data were used and
significance accepted at P ::;; 0.01. A post-hoc (Tukey's HSD) test was used to find
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where significant differences occurred between macrophyte types. A high degree of
variability was exhibited in the abundances of A. compressa in the cages . among
different sampling days, which masked the difference in the relative number of A.
compressa in each habitat (see results). For this reason, ANOVA was also carried out
using standardised data.

For each sampling occasion, data were standardised by

calculating the percentage of A. compressa in each macrophyte type from the total
number of A. compressa for each replicate at each site.
3.3 Results
3.3.1 Feeding preference experiments
In the first feeding trial, where amphipods were provided with a choice of two
species for each type of macrophyte (seagrass and brown, red and green algae), there
was significant grazing preference in the food choice by Allorchestes compressa
(Hotelling's T2 = 35110.4, F = 121.91, P=0.008). Allorchestes compressa showed a
preference for grazing the brown algae Ecklonia radiata and Sargassum sp. (Figure
3.la), of which the average percentage grazed was 69.7

±

2.7% and 63.7

±

4.3%,

respectively. In the second feeding trial, where amphipods were provided with a greater
range of red algae, there was also a significant grazing preference in the food choice by
A. compressa (Hotelling's T2 = 36121.9, F = 125.42, P=0.008). Allorchestes compressa
showed a preference for consuming E. radiata (Figure 3.1b), with the average
percentage grazed 98.1

±

0.8%. In this second trial, the large differences in wet weights

of Laurencia sp. for both treatments and controls (Figure 3.1b) 'reflects its rapid
decomposition over the four days. The mean grazing rates for A. compressa in the first
trial were 1.3 mg ind- 1 d- 1 and 1.2 mg ind- 1 d- 1 on E. radiata and Sargassum sp.,
respectively, while in the second trial the grazing rate was 3.0 mg ind- 1 d- 1 onE. radiata.
However, as in Goecker and Kall (2003), the grazing rates need to be interpreted within
the context of the experimental conditions which involved starving the amphipods for
24 hours before the experiments.
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Figure 3.1: Mean change in wet weight (mg) of eight macrophyte species (+S.E.) in control and
treatment containers, over a four day period for (a) feeding trial 1 and (b) feeding trial 2.

3.3.2 Habitat preference tank experiments
Binomial goodness-of-fit test revealed that satiated Allorchestes compressa
showed a strong preference for the seagrasses Amphibolis and Posidonia as a habitat. In
the first habitat trial, there was a significantly greater proportion of A. compressa in the
seagrass Amphibolis than in the other three habitat choices (Ulva, Hypnea and

Ecklonia), but no significant difference between any of the other pair-wise comparisons
(Table 3.1, Figure ,·3.2). In the second habitat trial using satiated A. compressa,
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significantly greater proportions of amphipods were present in the seagrass Posidonia
than in the other three habitat choices (Table 3.1, Figure 3.2). There were also greater
proportions of amphipods in Caulerpa than in either Laurenica or Sargassum as a
habitat choice. Comparisons between Sargassum and Laurencia yielded low
proportions of amphipods in either habitat choice (Table 3.1), due to amphipods being
found in the corners of the tanks.

Table 3.1: Results of non-parametric binomial goodness-of-fit test (number observed and
associated significance values) for the proportion of Allorchestes compressa in each pairwise
comparison for four species of macrophytes in each of two trials. Trials were carried out for
satiated and prestarved amphipods. Bonferroni correction accept at P < 0.008. Bold type
indicates significant p-values.
Comparison

Satiated trial I
No. observed

P-value

Prestarved trial 1
No. observed
P-value

Amphibolis vs Hypnea

50:10

<0.001

39:19

0.012

Amphibolis vs Ecklonia

45:15

<0.001

41:16

<0.001

Amphibolis vs Ulva

45:15

<0.001

28:28

1.000

Ecklonia vs Hypnea

20:40

0.013

21:35

0.081

Ecklonia vs Ulva

26:34

0.366

36:18

0.020

Hypnea vs Ulva

24:33

0.289

25:28

0.784

Posidonia vs Sargassum

Satiated trial 2
No. observed
48:6

Prestarved trial 2
P-value No. observed
P-value
<0.001
52:5
<0.001

Posidonia vs Laurencia

51:1

<0.001

47:3

Posidonia vs Caulerpa

45:12

<0.001

38:20

0.025

Laurencia vs Caulerpa

4:48

<0.001

3:44

<0.001

Sargassum vs Caulerpa

10:42

<0.001

17:22

0.522

Sargassum vs Laurencia

1:2

9:1

0.021

1.000

<0.001

When Allorchestes compressa had been prestarved, they did not show as clear
preference for the seagrasses as a habitat (Table 3.1, Figure 3.2). Unlike the first trial
using satiated amphipods, proportions of prestarved amphipods in Amphibolis did not
differ· from Ulva or Hypnea (Table 3.1, Figure 3.2). However, higher proportions of
amphipods were present in Amphibolis than in Ecklonia (Table 3.1). Similar to satiated
amphipods, greater proportions of A. compressa were recorded in the seagrass
Posidonia than in either Sargassum or Laurencia habitats (Table 3.1, Figure 3.2).
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Greater proportions of amphipods were also found in Caulerpa than in Laurencia
(Table 3.1), suggesting that Laurencia still ranked poorly as a habitat choice for A.
compressa.

Satiated trial 1

Satiated trial 2

Prestarved trial 1

Prestarved trial 2

(/)

-g0.
:c

E"

0.8

0.6

<1l

"6

0.4

§

0.2

'E

g_

e

c..

(/)

1:l

0

:2

0.8

0.

~

0.6

b

0.4

Habitat type

Figure 3.2: Proportion of the amphipod Allorchestes compressa found in different types of
macrophytes in pairwise habitat trials. Proportions of amphipods in Amphibolis (A), Ecklonia
(E), Hypnea (H) and Ulva (U) in Trial 1 and Posidonia (P), Sargassum (S), {-aurencia (L) and
Caulerpa (C) in Trial 2. Trials were carried out separately for satiated and prestarved
amphipods.

3.3.3 Field caging experiments
Allorchestes compressa was the dominant type of macro invertebrate collected in

the cages at both sites, making up >93% of the fauna in the cages containing plant
material, and between 74 - 88% in the control cages (Table 3.2). Two-way ANOVA
revealed that there was a significant difference in the total abundance and percent
abundance of Allorchestes compressa between different macrophyte types (Table 3.3,
Figure 3.3), but there was neither a significant difference between sites, nor an
interaction between the main effects (Table 3.3). Thus, the number and proportion of A.
compressa depended on the type of macrophyte habitat available, but not the location

·(Table 3.3).
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Table

3.2:

Summary

of the total

abundance

and

percentage

abundance

of each

macroinvertebrate taxonomic group collected in the caging experiments at Two Rocks and
Shoalwater Bay.
Macrophyte type

* "Other" includes copepods and decapods.
Total abundance
Percent abundance
Other
Allorchestes Other
amrhirods Tanaids Isorods Other* ~ome_ressa amrhirods Tanaids Isorods Other*

Allorchestes
come_ressa

Two Rocks
Mixed
Brown algae
Red algae
Seagrass
Plastic control
Cage control

62038
81742
65485
5289
30
0

100
437
333
29
3
0

0
8
0
0
2
0

1320
1618
407
40
0
0

0
0
0
1
0
0

97.8
97.5
98.9
98.7
85.7
0.0

0.2
0.5
0.5
0.5
8.6
0.0

0.0
0.0
0.0
0.0
5.7
0.0

2.1
1.9
0.6
0.7
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0

Shoalwater Bay
Mixed
Brown algae
Red algae
Seagrass
Plastic control
Cage control

121684
52838
64791
19864
427
2293

397
381
475
174
12
14

1
2
2
0
1
'1

2467
1907
736
1269
135
289

0
8
0
6
0
5

97.7
95.8
98.2
93.2
74.3
88.1

0.3
0.7
0.7
0.8
2.1
0.5

0.0
0.0
0.0
0.0
0.2
0.0

2.0
3.5
1.1
6.0
23.5
11.1

0.0
0.0
0.0
0.0
0.0
0.2

Table 3.3: Caging experiments: Results of two-way ANOVAs for caging experiments testing
for site and macrophyte type (treatment) differences in total and percentage abundance of

Allorchestes compressa. df= degrees of freedom. Bold type indicates terms for which P <0.01.

Transformation
Source ofvariation
Main effects
Site (S)
Macrophyte (M)
Interaction (S x M)
Residual

Total abundance of A. compress a
Log (x+1)
p
df
MS
F

Percentage of A. compressa
untransformed
df
MS
F

1
5
5
48

1
5
5
48

9.879
17.494
0.985
0.586

10.0
17.770
1.680

0.025
0.003
0.158

0.000
2855.505
239.644
218.518

0.000
11.916
1.097

p

1.000
0.008
0.375
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Figure 3.3: Mean (+ S.E.) (a) total and (b) percent abundance of Allorchestes compressa in
different macrophyte habitats in caging experiments.

Tukey's HSD tests, based on total abundance, revealed that there were
significantly greater numbers of A. compressa in mixed wrack, brown algae, red algae
and seagrass habitats than in plastic controls and cage controls (P < 0.01) (Figure 3.3a),
but no difference among the macrophyte treatments, despite the mean abundance of this
amphipod being considerably lower in seagrass compared to the other macrophyte
treatments. Such a result reflects the high degree of variability in the total abundances of
amphipods among sampling occasions regardless of treatment (Table 3.4). However,
when using percentage. abundance data, A. compressa was significantly less prevalent in
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seagrass compared to brown algae (P

=

0.02) and mixed and red algae (P

=

0.01).

There was no significant difference between the percentage of A. compressa in mixed
wrack, brown algae and red algae (P > 0.5), but significantly greater proportions in
these three habitats than in seagrass, plastic controls and cage controls (P < 0.01), in
which the percentage of A. compressa did not differ (P > 0.5) (Figure 3.3b).

Table 3.4: Number of Allorchestes compressa in each habitat type for each replicate at Two
Rocks and Shoalwater Bay.
Two Rocks
Replicate
Habitat txge
Red algae
Brown algae
Seagrass
Mixed
Plastic control
Cage control
Total

Shoalwater Bay
Replicate
Habitat we
Red algae
Brown algae
Seagrass
Mixed
Plastic control
Cage control
Total

1

2

3

1406
507
33
2626
2
0
4574

50567
42872
5127
40715
12
0
139293

5295
9195
·27
437
8
0
14962

1

2

3

4511
2331
75
2199
28
100
9244

48296
32480
13470
53920
47
20
148233

4

5

974 7243
80 29088
14
88
100 18160
1
7
0
0
1169 54586

4

5

4040 2000 5944
3109 5534 9384
987 3406 1926
3437 51616 10512
337
9
6
25
2137
11
11604 65030 27786

3.4 Discussion
Feeding trials in this study showed that Allorchestes compressa had a strong
preference for grazing on the brown algae Ecklonia radiata and Sargassum sp. over the
other macroalgae and seagrasses. Although E. radiata was also shown to be most
heavily grazed by A. compressa in an earlier study (Robertson and Lucas 1983),

Sargassum was consumed at similar rates to Ulva, seagrass and red algae in that study.
Furthermore, Robertson and Lucas (1983) showed that for each type of macrophyte, A.

compressa preferred'.·decomposing over fresh plant material. Similarly, m North
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America, three macroinvertebrate grazer species also preferred aged wrack over fresh
seaweeds of the same species (Pennings et al. 2000), highlighting the importance of
decomposition to wrack consumers. However, the present study has shown that
consumption of relatively fresh material can be high, indicating that A. compressa is
likely to graze on fresh Ecklonia and Sargassum when decomposed material is not
available. This amphipod may shift its preference to more decomposed brown algae
when they are present in the surf zone. Regular storm events in the region during late
autumn to early spring (Lemm et al. 1999) results in fresh material being replenished in
the surf zone regularly (per. obs.). Wrack in the surf zone can therefore comprise fresh
and/or decomposed plant material, of which brown algae is preferentially grazed by the
dominant amphipod A. compressa. The preference for brown algae by A. compressa is
further supported by Robertson and Lucas (1983) who found that the gut contents of A.
compressa comprised mainly brown algae, while seagrass and smaller amounts of red
and green algae were also consumed. This preference is similar to a range of other
amphipods and isopods elsewhere (Duffy and Hay 2000; Pennings et al. 2000; CruzRivera and Hay 2001). In the present study, A. compressa consumed 1.3- 3 mg ind- 1 d- 1
E. radiata, while the amphipod Talorchestia capensis in South Africa consumed 0. 78
mg Ecklonia maxima ind- 1 d- 1 (see Stenton-Dozey and Griffiths 1980; Griffiths and
Stenton-Dozey 1981). Amphipods of the genus Talorchestia are estimated to consume
over 50% of the kelp deposited on beaches in South Africa (Griffiths et al. 1983).
For some grazing invertebrates, the preference for different types of food can be
explained in terms of algal quality (Nicotri 1980), the chemical properties of the plant
and digestive capabilities of the invertebrate (Schnitzler et al. 2001; Zimmer et al. 2002;
Norderhaug et al. 2003; Johnston et al. 2005), the softness or saline content of the food
items (Moore and Francis 1985; Moore et al. 1995), food availability (e.g. Carefoot
1973), or the past feeding history of the animals (Moran and Arrontes 1994). Factors
that influence the food choice of grazers of stranded macrophytes are poorly
understood, possibly because they are based on simultaneous integration of multiple
plant traits or because we are unable to measure the key traits that determine preference
(Pennings et al. 2000). In a feeding preference trial for wrack grazers, no one trait
clearly distinguished between low and high preference of seaweeds, although for
chemically defended seaweeds, pH and phenolic compounds may be important
(Pennings et al. 2000). From the results of the present study and others, the preference
for brown algae by grazers in wrack is surprising given that they contain phlorotannins
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and other compounds that are thought to deter herbivores (e.g. Jormalainen et al. 2001;
Kubanek et al. 2004). However, the high consumption of material with high phenolic
compounds may come at a cost, as was shown for the isopod Idotea baltica, which
displayed poor growth rates when fed on brown algae (Jormalainen et al. 2001 ). The
palatability of seagrass Zostera detritus was thought to be affected by inhibitory
substances and it was not consumed by the amphipod Gammarus oceanicus unless the
leaves had epibionts present (Harrison 1977) or until it had aged for 60 days (Robertson
and Mann 1980). This may be the time required for phenolic substances to leak out
(Harrison and Mann 1975; Harrison 1982), since seagrasses contain high levels of
phenolic compounds (Agostini et al. 1998) and structural materials such as cellulose and
lignin (Klap et al. 2000). Alternatively, amphipods may utilise the attached bacteria as a
nutrient source rather than the plant (Bedford and Moore 1984).
Given that Ecklonia radiata is the dominant brown alga (Chapter 2) in surf-zone
wrack accumulations in the study region, it is likely that the natural diet of A. compressa
comprises mainly E. radiata with smaller quantities of other types of macrophytes
depending on their availability. However, since food and habitat choice are often closely
linked (Pavia et al. 1999), food choice in the field may be constrained by requirements
for shelter from predation for small herbivores, such as amphipods (Duffy and Hay
1991). In nature, feeding preference of any individual will be restricted by the available
food sources at any one time (Norderhaug et al. 2003). For example, compensatory
feeding, based on quantity rather than quality, by the herbivorous amphipod Ampithoe
longimana is thought to reduce the need for movement, and thus, the risk of detection

by predators (Cruz-Rivera and Hay 2001). Robertson and Lucas (1983) suggest A.
compressa may need to feed on less preferred foods, such as seagrass, in the surf zone

to supply their nutritional needs when there is limited supply of other types of
macrophytes.
In the present study, the laboratory habitat choice trials showed that both satiated
and prestarved Allorchestes compressa had a strong preference for seagrasses
(Amphibolis and Posidonia) over macroalgae as a habitat. In the absence of predators,
A. compressa (particularly prestarved amphipods) might have been expected to occur in

greater numbers in brown algal habitats since this is their preferred food source. This
may be explained by the possibility that amphipods moved from brown algae, their
preferred food,· to seagrass during the course of the trial, but suggest that seagrass is
their preferred habitat: However, the results of the laboratory trial contradict those of the
39

in situ caging experiments, where a strong preference was shown for brown algae, red
algae or a mixture of macrophytes, but amphipods tended to avoid seagrass. Therefore,

A. compressa showed a clear preference for different types of detached macrophytes as
a habitat, with seagrass ranking below other macrophytes under field conditions, where
factors such as the presence of predators and water turbidity could influence habitat
choice.

Predatory juveniles of the teraponid Pelsartia humeralis and the plotosid

Cnidoglanis macrocephalus, which consume large quantities of A. compressa, are
abundant in wrack in the study region (Lenanton et al. 1982; Robertson and Lenanton
1984, Chapter 4). Thus, A. compressa may exhibit a preference for seagrass in the
absence of predators, but may trade off between optimal shelter and food when
predators are present.

As discussed earlier, brown algae provide an important food

source for A. compressa, and presumably some level of protection from predators.
Predation is therefore likely to be an important factor in habitat selection by A.

compressa. In the surf zone, A. compressa may choose a macrophyte based on its
importance as food rather than shelter, providing that the macrophyte provides some
level of shelter from predation. Predation had a strong influence on the habitat choice of
amphipod and isopod species in other studies (e.g. Nicotri 1980; Pomeroy and Levings
1980; Bostrom and Mattila 1999; Pavia et al. 1999). Unlike the present study, Bostrom
and Mattila (1999) found that two species of isopod grazers showed a preference for
food over shelter in the absence of fish predators, with one species switching preference
for shelter when a fish predator was introduced.
This study demonstrates that different types of wrack have clear roles as food
and habitat for the amphipod Allorchestes compressa, showing a strong link between
offshore benthic primary producers that have been transported into nearshore habitats.
The amphipod A. compressa is the dominant grazer in these macrophyte accumulations,
yet its abundance varies greatly on both a temporal and spatial scale. Feeding
preferences of wrack grazers, such as amphipods, may result in different macrophyte
species being processed at different rates (Pennings et al. 2000). The results from this
study, regarding the feeding preference of A. compressa, suggest that brown algae
contributes more to the food chain than other macrophyte types in nearshore wrack
accumulations in south-western Australia. The high preference by A. compressa for
seagrass as a habitat in the laboratory trials, yet low preference in the field experiments,
indicates that care should be exercised when using tank trials alone to determine habitat
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preference. Allorchestes compressa shows a preference for macroalgae, or a mixture of
algae and seagrass habitats over seagrass alone, when predators are present.
The importance of different types of macrophytes to wrack-associated fauna
highlights the need to manage the diversity of habitat types in nearshore environments,
as well as offshore environments that are the source of the macrophytes. The results of
this study suggest important implications in regard to management of sandy beaches,
particularly beach cleaning practices, which are common on populated sandy beaches
(Llewellyn and Shackley 1996; Dugan et al. 2003). These practices could reduce the
supply of macrophyte material that would otherwise re-enter the nearshore region. Any
reduction in detached macrophytes, particularly brown algae, would clearly reduce the
amount of invertebrate prey available to vertebrate predators.
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CHAPTER 4- THE INFLUENCE OF DIFFERENT VOLUMES AND
TYPES OF DETACHED MACROPHYTES ON FISH COMMUNITY
STRUCTUREINSURFZONESOFSANDYBEACHES

Abstract

Detached macrophytes (seagrass and macro algae) are transported from more offshore
areas and accumulate in substantial volumes in surf zones, where they are commonly
called wrack. Fishes were sampled using seine nets in four volume categories of
detached macrophytes (bare sand, low, medium and high volumes) in the surf zone at
two sandy beaches in south-western Australia to determine how increasing volumes of
surf zone wrack influence fish community and size composition. Species composition
and densities of fish, which were dominated by juveniles, differed between areas where
wrack was present or absent, and also among volumes of wrack in the surf zone. Total
fish abundance and biomass increased as the volume of wrack increased. Cnidoglanis
macrocephalits and Pelsartia humeralis were the dominant species and were most

abundant in medium and high wrack volumes. Fish gut contents were analysed for C.
macrocephalus and P. humeralis, and verified that Allorchestes compressa is a major

prey item for juveniles of these species. A series of habitat preference trials conducted
in outdoor aquaria tested whether juvenile C. macrocephalus and P. humeralis showed a
preference for different types of detached macrophytes as a habitat.

Trials tested

pairwise comparisons of seagrass, brown algae, or a mixture of both macrophyte types
as a habitat. Non-parametric goodness-of-fit binomial tests for differences in numbers
of fish between each habitat type showed no clear pattern in habitat preference for either
species of fish. Field and laboratory results suggest that the amount, rather than type, of
detached macrophytes is more important in providing a habitat for juvenile C.
macrocephalus and P. humeralis.
4.1 Introduction

The surf zones of sandy beaches have been described as physically dynamic
environments that provide little habitat complexity and minimal shelter for fishes
(McLachlan 1983; Robertson and Lenanton 1984; Lasiak 1986; Romer 1990; Ayvazian
and Hyndes 1995). Compared to seagrass meadows and reefs, unvegetated areas are
often considered a poor substitute as fish habitats due to their diminished structural
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complexity (Bell and Pollard 1989; Jenkins and Wheatley 1998).

Despite this,

unvegetated !learshore areas are able to support significant fish populations (Lasiak
1981; Lenanton 1982; Ayvazian and Hyndes 1995), with the fish fauna primarily
comprising juveniles and dominated by a small number of numerically abundant species
(Lasiak 1981; Modde and Ross 1981; Lenanton 1982; Lasiak 1984; Ayvazian and
Hyndes 1995; Santos and Nash 1995).

One factor contributing to these high

abundances of fish is the presence of detached macrophytes (seagrasses and
macroalgae), which accumulate in surf zones, where they are commonly called wrack
and provide a habitat for invertebrates (primarily amphipods) and fish (see Kirkman and
Kendrick 1997; Colombini and Chelazzi 2003). Since the increased habitat complexity
and heterogeneity provided by attached seagrass and algae can strongly influence fish
assemblages (Wheeler 1980; Bell and Pollard 1989; Carr 1994; Jenkins and Sutherland
1997; Jenkins and Wheatley 1998; Jackson et al. 2001), it is likely that these detached
macrophyte accumulations benefit surf zone fauna by providing a greater food source
(Robertson and Lenanton 1984) and increasing habitat complexity.
Accumulations of detached macrophytes in nearshore areas are derived from
coastal seagrass beds and reefs (Kirkrnan and Kendrick 1997; Colombini and Chelazzi
2003). During storms and heavy swells, large quantities ofmacrophytes can detach and
accumulate along the shore in the surf zone and on beaches (Kirkrnan and Kendrick
1997; Colombini and Chelazzi 2003). The amount and timing of accumulations is
extremely variable and may differ geographically depending ,on climate and
hydrodynamics and the proximity to rocky shores, reefs or seagrass meadows (Ochieng
and Erftemeijer 1999; Colombini and Chelazzi 2003).

In south-western Australia,

wrack accumulations show a high degree of temporal and spatial variability (Robertson
and Lenanton 1984). The longshore distribution of detached macrophytes along the
south-western Australian coastline is likely to range from hundreds to thousands of
metres, with the offshore distribution likely to extend from ten to a hundred metres.
Furthermore, biomass of wrack alters daily due to the exchange of material between the
beach and the surf zone, and seasonally through the strong influence of storm events.
Higher biomass of detached macrophytes is present in late autumn to early spring,
which correlates with the time of year when frequent storms generate the greatest
frequency and intensity of seas and swell in the region (Lemm et al. 1999).
Previous studies have shown that some fish species rely either directly on
detached macrophytes ·as shelter from predators or as a means of dispersal, or indirectly
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by feeding on the associated invertebrate fauna (e.g. Stoner and Livingston 1980;
Lenanton et al. 1982; Robertson and Lenanton 1984; Lenanton and Caputi 1989; Safran
and Omori 1990; Kingsford 1992; Langtry and Jacoby 1996). Fish abundance has been
positively correlated with the presence and volume of detached macrophytes (Lenanton
et al. 1982; Robertson and Lenanton 1984; Lenanton and Caputi 1989; Vanderklift and
Jacoby 2003). However, these studies have focused on particular species rather than the
broader fish community and have not tested this relationship empirically. Furthermore,
since wrack can consist of different types of macrophytes (e.g. seagrass and brown
algae), which exhibit different plant structure, fish may show a preference for wrack
with different habitat structure.
Detached macrophytes can form large accumulations in surf zones of southwestern Australia, where large numbers of fish, particularly the juveniles of Cnidoglanis
macrocephalus (Cobbler, Plotosidae) and Pelsartia . humeralis (Sea trumpeter,
Teraponidae) occur (Lenanton et al. 1982; Robertson and Lucas 1983; Robertson and
Lenanton 1984; Lenanton and Caputi 1989). Wrack in the surf zone of this region
largely comprises seagrass and brown algae (particularly the kelp Ecklonia radiata),
with smaller amounts of red and green algae (Hansen 1984; Kirkman and Kendrick
1997, Chapter 2).

The habitat structure of detached macrophytes, in terms of the

volume and type of plant material, may therefore influence fish communities. This study
thus aimed to determine whether increasing volumes of surf-zone wrack is likely to
influence fish community and size composition. The study also aimed to determine
whether juveniles of two dominant wrack-inhabiting species show a preference for
different types of macrophytes as a habitat, and to examine the dietary composition of
these two dominant species.
4.2 Materials and methods
4.2.1 Wrack volume sampling

Fish were sampled in the surf zones of two sandy beaches (Shoalwater Bay and
Hillarys) on the south-western coast of Australia (Figure 2.1). These sites were chosen
because they regularly receive large amounts of wrack during autumn and winter, with
the wrack consisting of a mixture of different types of detached macrophytes (i.e. both
seagrass and macro algae) rather than a homogeneous spread of either seagrass or
macroalgae. In addition, the two sites provided different levels of exposure to wave and
swell activity, with Shoalwater Bay being less exposed. The two sites were categorised
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according to the criteria provided by Valesini et al. (2003) as "moderately exposed to
wave activity, with dense seagrass beds located more than 50 m from the shoreline"
(habitat type 4) for Shoalwater Bay, and "moderately to fully exposed to wave activity,
with reefs present within 50 m of the shoreline and also further offshore; vegetation
largely restricted to macroalgae associated with reefs" (habitat type 5) for Hillarys.
These two habitat types are representative of the surf zone habitats within the broader
study region. Sampling was carried out in autumn and winter at Shoalwater Bay (May
and June 2003), and Hillarys (July and August 2003), when sufficient wrack was
present in the surf zone.
At both sites, fish were sampled in surf zone areas containing one of four
volume categories of detached macrophytes, namely bare sand (0 litres 1oom-2), low
(50-150 litres 100m-2 ), mid (250-450 litres 100m-2 ) and high (750-1650 litres 100m-2)
volumes. These categories of wrack .volumes were selected because they reflected the
natural amounts of wrack present in the surf zone. The average and range of wrack
volumes sampled for each site are summarised in Table 4.1. Since it was impossible to
determine from the shore the actual volume of wrack in the water, samples were kept
only when the volume of wrack fitted within the range of one of the above categories.
Volumes of wrack greater than the high volume category were not sampled because
they were too heavy to sample using this method.
Table 4.1 Average (± standard error) and range of wrack volumes (litres per 100 m2) for bare
sand, low, mid and high volume categories at Shoalwater Bay and Hillarys. Sample size is six
for each wrack volume category at each site.
Category
Bare sand
Low
Mid
High

Shoalwater Bay
Mean± S.E. ·Range
0±0
0-0
93 ± 12
55- 140
330 ± 21
280-420
944 ± 65
790- 1205

Hillarys
Range
Mean
0-0
0±0
55- 140
84 ± 14
320 ± 23
275-430
1070 ± 119 785 - 1585

A 21.5 m long and 1.5 m high seine net comprising 10 m long wings (6 m of 9
mm rhesh and 4 m of 6 mm mesh) and a 1.5m bunt (6 mm mesh) was used to sample
fish at Shoalwater Bay. However, since this net tore repeatedly during sampling at the
more exposed Hillarys site, due to the additional surge of water and greater pressure on
the net, seining for fish at this site was carried out using a different net. The net used at
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Hillarys had the same length and height but had a wing mesh size of 15 mm with a 1.5
m bunt (6 mm mesh). The seine nets were fully extended parallel to the beach at a
depth of approximately 1 m, and dragged towards the beach, sweeping an area of
approximately 116 m2 to collect both detached macrophytes and fish.
Six replicate samples were collected from each of the four volume categories
(i.e. bare sand and low, mid and high macrophyte volumes) over the two-month
sampling period. Fish and wrack from each seine were sorted on the beach and the
volume of wrack collected in each haul was measured using an 80-1 plastic container
and recorded. In the laboratory, the number of individuals and biomass (to the nearest
0.1 g wet weight) for each fish species and the total length (TL, to the nearest
millimetre) of each individual were recorded.
A total of at least 10 individuals of juvenile Cnidoglanis macrocephalus (< 180
mm) and Pelsartia humeralis (< 100 mm) were collected in wrack at each site in winter
of 2003 and 2004 for gut content analysis. The stomachs from each fish was removed
and stored in 70% ethanol.

The gut contents were examined under a dissecting

microscope and each dietary item was identified to the lowest possible taxon. Since C.
macrocephalus does not have a well-defined stomach (Nel et al. 1985), the content of
their diet was based on the first two-thirds of the intestine. Since some dietary items
were quite decomposed, making it difficult to determine accurately the number of
individuals for each dietary item, the contribution of each dietary item was recorded as
percentage contribution to the total volume of all dietary items present in each stomach
for each individual (%V) (Hyslop 1980).
Multivariate analyses were used to investigate patterns in the species
composition of fish in the different categories of wrack volume using Primer 5 (Clarke
and Gorley 2001). The abundance and biomass data, derived from the six replicate
samples in each wrack volume category, were square-root transformed and the BrayCurtis similarity measure was used to construct the similarity matrix.

Data were

ordinated using non-metric multi-dimensional scaling (nMDS) to examine overall
patterns in similarities of species composition and one-way analysis of similarities
(ANOSIM) was used to test for differences among volume categories. One replicate
from the mid volume category from Shoalwater was removed from the nMDS analysis
since it contained no fish. Pair-wise comparisons for each category were carried out to
determine which categories differed significantly. Multivariate dispersion (MVDISP)

46

was used to determine the variability in the species composition of samples within each
category, while similarity of percentages (SIMPER) was used to determine which fish
species were causing the dissimilarity between categories.
The numbers of each species at each site were expressed as densities, i.e.
number of individuals 100m-2 . Since different nets had to be used at each site, Analysis
of Variance (ANOVA) was carried out separately for Shoalwater Bay and Hillarys.
Thus, for each site, one-way ANOVA was used to determine whether there were
significant differences among wrack volume for the number of species, total density of
individuals and total biomass, as well as for the density and biomass of Cnidoglanis
macrocephalus (cobbler) and Pelsartia humeralis (sea trumpeter). Bare sand and low

volume categories that did not contain any fish were excluded from the analyses for C.
macrocephalus, as consistent zero values in these categories resulted in a high level of

heterogeneity in the variance. Analyses were carried out using SPSS (Windows, Rei.
11.5.0. 2002 Chicago: SPSS Inc.). Wrack volume was considered a fixed factor. Prior
to performing ANOVAs, the data were examined for normality and tested for
homogeneity ofvariance using Levene's test and Log 10 (N+l) transformed if necessary.
Tukey's HSD test was used to test for significant differences in pairwise comparisons of
wrack volume categories.
4.2.2 Wrack type experiment

A habitat-choice experiment for juvenile Pelsartia humeralis (between 80120mm TL) and Cnidoglanis macrocephalus (between 100-180mm TL), was conducted
using different types of macrophyte as habitats (Plate 4.1a and b). A series of attempts
was made to carry out this part of the study in situ. However, due to strong longshore
currents and the water movement resulting from tides, it became impossible to retain the
various wrack types in confined areas. Trials were therefore conducted in a series of
outdoor aquaria ,during spring 2003 (Plate 4.1 c and d). The aquaria were made of
fibreglass (50cm high, 160cm long and 70cm wide), and equipped with flow-through
seawater and maintained to a water depth of approximately 45 cm, with the aquaria
emptied and the water changed between trials. The tanks were housed in an outdoor
wire . cage and were exposed to natural sunlight and weather conditions.

The

temperature of the flow-through seawater was approximately l8°C throughout the
duration of the experiment.

47

Plate 4.1 : (a) Pelsartia humeralis photograph taken by Barry Hutchins in Edgar (2000) and (b)

Cnidoglanis macrocephalus photograph taken from Kuiter (2000), (c) set up of the aquaria used
in the habitat choice experiment showing arrangement of the aquaria and (d) divider in centre of
tank used to terminate each trial. Photographs c and d taken by K . Crawley.

Three different habitat types were examined: seagrass only (Posidonia and

Amphibo!is species); brown algae only (Ecklonia and Sargassum species); and a
mixture of seagrasses and brown algae in equal proportions.

These types of

macrophytes were chosen on the basis that, in ten11s of volume, they were the most
prevalent types of macrophyte in the wrack in the surf zone, and therefore provided the
most likely suite of habitats available for fish to occupy. Wrack at a range of locations
along the coastline of the study region comprised 26% brown algae, 46% seagrass and
19% red algae in terms of biomass (Chapter 2). Pair-wise comparisons between each
habitat type were used in each treatment, giving a total of three treatments.

The

experiments were conducted over a period of four weeks, with three tanks available on
each occasion. Six replicates were conducted for each of the three treatments, with one
replicate for each treatment carried out on each occasion.

The replicates for each

treatment were randomly assigned to the tanks for each trial. The wrack used in the
experiment was collected fresh from local beaches and sorted by type of macrophyte.
Epiphytes remained on the macrophytes to keep the wrack as close to its natural state as
possible. The wrack was defaunated by bubbling C0 2 tlu·ough it to remove the influence
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of food in the habitat choice made by the fish. The wrack was pre-prepared for the trials
and then stored in a -20°C freezer until it was defrosted for use in the trials.
Pelsartia humeralis and Cnidoglanis macrocephalus were chosen for the trials

since they were the most abundant species in the wrack during the field component of
the study. Individuals of both species were caught using a seine net from surf zones
containing wrack accumulations in the Hillarys region.

Juvenile sea trumpeter and

cobbler were transported in containers with aerated seawater and then transferred to
holding tanks containing small amounts of wrack.

The fish were kept in the holding

tanks for at least 24 hours to allow them to acclimatise to being in captivity before being
used in experimental trials. The fish were fed either amphipods or brine shrimp and
their condition monitored daily.
Two distinct habitat types were created in each tank by placing 5 litres of the
appropriate macrophytes at either end of each experimental tank. This volume of wrack
material equated to the high wrack volumes described above and was chosen based on
the results that this volume contained the greatest abundance of cobbler and sea
trumpeter. A corridor of approximately 70 cm of no wrack was established in the
middle of the tan1c between the two habitat types to prevent mixing of wrack types.
Since both species appear to occupy wrack during both the day and night and
feed on similar prey during both periods (Robertson and Lenanton 1984), observations
were restricted to the diurnal period. Ten randomly selected individt.,tals of each species
were added to the centre of each tank at dusk between 17:00 and 18:00 hours. The fish
were then left overnight for approximately 18 hours to select a habitat. The trials were
terminated at midday by placing a divider down the middle of the tank, thereby
containing the fish in their "chosen" habitat type. Fish were removed from each half of
the tank and the number of fish in each habitat type was recorded. Macrophyte material
and individuals of fish were never used more than once during the experiment.
Non-parametric goodness-of-fit binomial test for nominal data was used to test
whether the overall proportion of fish in either habitat across the six replicates showed a
significant deviation away from a probability of 0.5 for equal distribution between
habitat types. Bonferroni post-hoc comparisons of treatment means were used to
determine which treatments differed from one another. Analyses were carried out using
SPSS (Windows, Rel. 11.5.0. 2002 Chicago: SPSS Inc.).

49

4.3 Results

4.3.1 Wrack volume sampling
4.3.1.1 Total catches and species contributions
Seine hauls from both sites yielded 25 species of fishes from 16 families, with
23 species from 15 families at Shoalwater Bay and 10 species from nine families at
Hillarys (Table 4.2). At both sites, the high wrack volume category contained more fish
than the other categories (Table 4.2). Pelsartia humeralis was the only species found in
all four volume categories at both sites, and its abundance increased as wrack volume
increased. In comparison, Cnidoglanis macrocephalus was absent from bare sand at
both sites, and like P. humeralis, its abundance increased in the higher wrack volumes
(Table 4.2).
At Shoalwater Bay, Pelsartia humeralis and Cnidoglanis macrocephalus were
far more abundant in the highest volume of wrack, while Atherinosoma elongata,

Leptatherina presbyteroides and Atherinomorus ogilbyi were also more abundant in this
category. In contrast, Hyperlophus vittatus and Spratelloides robustus were the most
abundant species in bare sand, with the former species being found almost exclusively
in this habitat type (Table 4.2). At Hillarys, P. humeralis and C. macrocephalus were
also more abundant in the highest volume of wrack, while Scorpis georgianus tended to
be more abundant in low volumes of wrack and Torquigener pleurogramma was
present in far greater numbers in medium volumes of wrack (Table 4.2).

4.3.1.2 Number of species, abundance and biomass
ANOVA demonstrated that the number of species did not differ significantly
among volume categories at Shoalwater Bay (Table 4.3; Figure 4.1), with mean number
of species ranging from 3.0 to 4.8. In contrast, numbers of species differed significantly
among categories at Hillarys.

Tukey's test showed that the high volume category

contained more species than bare sand at this site, with the mean number of species in
the four categories ranging from 1.7 to 3.8 (Table 4.3; Figure 4.1).
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Table 4.2: Total abundance and average lengths (and range) in mm TL of the species contributing to the catches in bare sand (BS), low, mid and
high volumes of wrack at Shoalwater Bay and Hillarys. Sample size is six for each wrack volume category at each site.
Family·

Atherinidae
Atherinidae
Atherinidae
Clinidae
Clupeidae
Clupeidae
Enoplosidae
Leptoscopidae
Monacanthidae
Mugilidae
Mugilidae
Odacidae
Platycephalidae
Pleuronectidae
Plotosidae
Scorpididae
Sillaginidae
Sillaginidae
Sillaginidae
Syngnathidae
Syngnathidae
Teraponidae
Teraponidae
Tetraodontidae
Tetraodontidae
Total catch
Number of species

VI

........

Species

Atherinosoma elongata
Leptatherina presbyteroides
Atherinomorus ogilbyi
Cristiceps australis
Spratelloides robustus
Hyperlophus vittatus
Enoplosus armatus
Lesueurina platycephala
Scobinichthys granulatus
Aldrichetta forsteri
Mugil cephalus
Haletta semifasciata
Platycephalus speculator
Ammotretis elongatus
Cnidoglanis macrocephalus
Scorpis georgianus
Sillago bassensis
Sillago vittata
Sillago schomburgkii
Stigmatopora argus
Mitotichthys meraculus
Pelsartia humeralis
Pelates sexlineatus
Torquigener pleurogramma
Contusus richei

Shoalwater
Abundance
BS LOW MID HIGH
0
85
4
9
4
22
78
60
6
40
2
90
0
0
0
1
27
5
0
0
83
1
1
0
0
0
0
3
2
3
0
0
1
0
0
0
1
0
2
4
0
0
0
0
16
0
0
0
2
2
2
0
1
0
0
0
0
0
10
199
0
0
0
0
4
2
1
3
2
0
1
0
1
1
0
0
0
0
0
1
1
0
0
0
15
203
3
93
12
2
0
0
2
1
0
0
0
0
0
7
146
106 185
684
14
11
12
13

Length (mm)
Average (range)
47 (33-57)
51 (34-64)
69 (59-79)
145 (145-145)
27 (22-30)
26 (20-114)
53 (46-63)
58 (49-68)
46 (46-46)
188 (332-107)
0
102 (80-137)
107 (45-182)
115 (115-115)
108 (50-454)
0
94 (68-124)
90 (83-96)
156 (101-210)
53 (53-53)
77 (77-77)
59 (24-103)
69 (38-98)
62 (51-82)
29 (24-38)

Hillarys
Abundance
Length(mm)
BS LOW MID HIGH Average (range)
0
0
0
0
0
0
0
0
0
0
0
95 (82-112)
0
0
20
0
0
0
1 121 (121-121)
0
0
0
0
0
2
0
1
17
61 (52-90)
0
0
0
0
0
0
1
54 (38-71)
0
1
0
0
0
0
0
3
0
0
3 286 (110-342)
1
1
27 (22-29)
2
12
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
16
39
80
169 (98-435)
0
23
2
31 (24-38)
2
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
82 (22-140)
3
40
63
112
0
0
0
0
0
58 (45-73)
9
91
380
8
0
0
0
0
0
18 172 487
256
5
5
7
10

Table 4.3: Shoalwater and Hillarys: Results of one-way AN OVA for the number of species,
total density and total biomass of all fish, and density and biomass for Cnidoglanis
macrocephalus and Pelsartia humeralis in four treatments: bare sand, low, mid and high wrack

volumes.

df degrees of freedom. Bold type indicates terms for which

P < 0.05,

* indicates

accept at 0.01, "indicates bare sand and/ or low categories excluded.
Variable
Shoalwater Bay
Number of species
Density
Biomass
C. macrocephalus
Density
Biomass
P. humeralis
Density
Biomass

Hillarys
Number of species
Density
Biomass
C. macrocephalus
Density
Biomass
P. humeralis
Density
Biomass

transformation

d[_ MS residual

untransfonned
Log(x+1)
Log(x+1)

3
3
3

Log(x+1)
Log(x+1)

F-ratio

P-value

3.008
0.21
0.387

1.159
3.934
4.086

0.350
0.023
0.020

1"
1"

0.265
0.674

9.671
9.149

0.011
0.013

4th root
untransfonned

3
3*

0.588
3673.304

6.431
3.974

0.003
0.023

untransfonned
Log(x+1)
Log(x+1)

3
3
3

1.750
0.213
0.444

3.492
5.367
3.364

0.035
0.007
0.039

untransfonned
Log(x+1)

2"
2"

73.928
0.658

1.761
7.644

0.206
0.005

untransfonned
untransfonned

3*
3*

85.897
8850.863

3.000
2.308

0.055
0.107

ANOVAs revealed that both density and biomass of fish differed significantly
among categories at both Shoalwater Bay and Hillarys (Table 4.3). At Shoalwater Bay,
Tukey's test showed that high wrack volumes contained greater densities of fish than
bare sand and low wrack volumes, with a trend for fish density to increase with wrack
volume from low to high categories (Figure 4.1). At Hillarys, Tukey's test showed that
both the mid and high wrack categories had greater numbers of fish than bare sand (P <
0.05). However, more fish were found in mid wrack volumes than in the high category,
due to one sample containing a large school of Torquigener pleurogramma (Table 4.2;
Figure 4.1). The mean density of fish 100m-2 in bare sand, low, mid and high volume
categories was 20.9, 15.3, 26.6 and 98.3, respectively, at Shoalwater Bay, compared to
2.6, 24.7, 70 and 36.8, respectively, at Hillarys (Figure 4.1). In terms ofbiomass, there
was an increase as the volume of wrack increased at both sites (Figure 4.1 ). At both
Shoalwater and Hillarys, Tukey' s test showed that the biomass of fish was greater in
high wrack volumes than in bare sand (P < 0.05).
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Figure 4.1: Mean (+SE) number of fish species and density and biomass of fish found in bare
sand, low, mid and high wrack volumes at Shoalwater and Hillarys. Different letters denote
volume categories that are significantly different (P < 0.05).

Cnidoglanis macrocephalus was absent from bare sand areas at both sites, and
from the low volume category at Shoalwater Bay (Figure 4.2).

ANOVA of the

remaining two categories at Shoalwater, revealed significantly greater densities and
biomass of C. macrocephalus in the high category. While there was no difference in
density of C. macrocephalus among categories at Hillarys, there was a significant
difference in the biomass of this species. Tukey's test revealed that the biomass of
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C. macrocephalus was significantly greater in both high and mid categories compared
to low volumes (P < 0.05). For both sites, there was a consistent increase in the mean
density and biomass of Pelsartia humeralis as the volume of wrack increased, however,
there was no significant difference among volume categories due to the high degree of
variability in the higher volumes of wrack, except for the density of P. humeralis at
Shoalwater Bay (Table 4.3; Figure 4.2).

Tukey's test revealed that the density of

P. humeralis was significantly greater in high wrack volumes than bare sand at
Shoalwater Bay (P < 0.05).

4.3.1.3 Size distribution offish
At both Shoalwater Bay and Hillarys, 95% of all species were less than 150 mm
TL, with only Cnidoglanis macrocephalus, Aldrichetta forsteri,

Platycephalus

speculator and Sillago schomburgkii having individuals greater than 150 mm TL (Table
4.2). Length distributions of Sillago vittata, Sillago schomburgkii, Sillago bassensis,

Spratelloides robustus and Hyperlophus vittatus were largely represented by 0+ fish
(Gaughan et al. 1996; Hyndes et al. 1996; Rogers et al. 2003).
At both Shoalwater Bay and Hillarys, Cnidoglanis macrocephalus was caught in
two distinct cohorts.

The majority of the individuals were <180 mm TL, which

corresponds to the 0+ cohort (Nel et al. 1985). However, a number of individuals were
greater than 180 mm TL at Hillarys where they were mostly caught in mid or high
wrack volumes (Figure 4.3). The vast majority of Pelsartia humeralis caught at both
sites were <130 mm TL (Figure 4.3). There was a shift in the size distribtution of fish
for both C. macrocephalus and P. humeralis, with larger sized individuals caught at
Hillarys compared with Shoalwater Bay. This is likely to be due to the later sampling
period at Hillarys (May and June) compared with Shoalwater Bay (July and August),
reflecting the rapid growth of juvenile fish during this early phase of their life cycles.
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Figure 4.3: Cnidoglanis macrocephalus and Pelsartia humeralis. Length frequency histograms
in bare sand, low, mid and high wrack volumes at Shoalwater and Hillarys. Total number of fish
measured for each species shown in brackets.

4.3.1.4 Species-composition

Non-metric MDS ordination analysis usmg abundance and biomass data for
Shoalwater Bay yielded some distinct patterns showing clear separation of samples
based on wrack categories (Figure 4.4). Samples from high and mid categories were
grouped together to the left of the ordination plot, while those from bare sand and low
categories were more dispersed to the right of the plot (Figure 4.4). One-way ANOSIM
of replicate data for each category revealed that the species composition differed among
categories (Table 4.4). Pair-wise comparisons showed that the species composition of
fish in high wrack volumes differed from that in both low volumes and bare sand (Table
4.4) .. Samples from high wrack volumes displayed dispersion values of 0.64, which was
lower than those values for mid (1.02), low (1.05) and bare sand (1.30). The results of
ordination and ANOSIM of biomass data for Shoalwater were nearly identical to those
using abundance data.(Table 4.4; Figure 4.4). Using Shoalwater Bay abundance data,
SIMPER showed that Cnidoglanis macrocephalus distinguished the fish fauna of high
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wrack volumes from both the bare sand and low categories (Table 4.5). Pelsartia
humeralis distinguished the fish fauna of mid categories from low and bare sand

categories, and also distinguished high categories from bare sand, low and mid
categories.

This species therefore accounted for more of the dissimilarity between

categories when abundance data were used (Table 4.5). Using biomass data, SIMPER
showed nearly identical results to abundance data, with C. macrocephalus also
distinguishing the fish fauna of high wrack volumes from mid categories (Table 4.5).
Results of ordination and ANOSIM using abundance and biomass data from
Hillarys yielded clearer patterns than for Shoalwater Bay (Figure 4.4).

Using

abundance data from Hillarys, samples from high categories formed a discrete group to
the bottom centre of the ordination plot, with samples from mid and low categories to
the right of those from the high category, and bare sand samples were highly dispersed
towards the top of the plot (Figure 4.4).

One-way ANOSIM of replicate data for each

category revealed that the species composition differed among categories (Table 4.4).
Pair-wise comparisons showed that the species composition of fish in bare sand differed
from all other categories, as did those from low and high categories (Table 4.4).
Samples from low, mid and high wrack volumes had dispersion values (0.81, 0.95 and
0.89, respectively) that were lower than bare sand (1.35) values. The results of
ordination and ANOSIM of biomass data for Hillarys were virtually identical to those
using abundance data (Table 4.4; Figure 4.4). Using abundance data, SIMPER showed
that Cnidoglanis macrocephalus distinguished the fish fauna of high wrack volumes
from bare sand, low and mid categories (Table 4.5). Pelsartia humeralis distinguished
the fish fauna of high categories from bare sand, low and mid categories, as well as mid
and low categories from bare sand, indicating that this species accounted for more of the
dissimilarity between categories when abundance data were used (Table 4.5). Using
biomass data, SIMPER showed that P. humeralis distinguished high wrack volumes
from low categories and low from bare sand (Table 4.5).

Cnidoglanis macrocephalus

distinguished the fish fauna of high wrack volumes from bare sand, low and mid
categories, as well as mid categories from bare sand and low categories, indicating that
this species accounted for more of the dissimilarity between categories when biomass
data were used (Table 4.5).
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Figure 4.4: Two-dimensional MDS ordination of the mean densities and biomass of each
species in bare sand (BS), low (L), mid (M) and high (H) wrack volume categories at
Shoalwater and Hillarys.

4.3.2 Wrack type experiment
Binomial goodness-of-fit test revealed that Cnidoglanis macrocephalus
displayed a preference for mixed wrack rather than brown algae habitat types, but did
not show a preference between other habitat choices (Table 4.6, Figure 4.5). Pelsartia

humeralis showed a preference for seagrass compared to brown algae, but there was no
significant difference between other habitat choices (Table 4.6, Figure 4.5).
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Table 4.4: R-statistic and significance values from one-way ANOSIM and pairwise comparisons
in species composition using abundance and biomass data for treatment and pair-wise
comparisons in bare sand (BS), low, mid and high treatments. Bold type indicates terms for
which P < 0.05.
Shoalwater

Hillarys

Abundance
No. ofpermutations

Biomass

Abundance

Biomass

462

462

462

462

0.212 (P < 0.050)

0.219 (P < 0.010)

0.275 (P = 0.001)

0.311 (P = 0.001)

BS versus Low

0.020 (P = 0.429)

0.015 (P= 0.448)

0.269 (P < 0.050)

0.219 (P< 0.050)

BS versus Mid

0.171 (P = 0.130)

0.160 (P= 0.121)

0.369 (P < 0.005)

0.431 (P < 0.005)

BS versus High

0.506 (P < 0.005)

0.503 (P < 0.005)

0.528 (P < 0.005)

0.500 (P < 0.005)

Low versus Mid

0.051 (P= 0.275)

0.128 (P=0.117)

0.067 (P = 0.223)

0.174 (P = 0.069)

Low versus High

0.381 (P < 0.050)

0.408 (P < 0.010)

0.331 (P<0.050)

0.461 (P < 0.010)

Mid versus High

0.053 (P = 0.299)

0.104 (P= 0.149)

0.006 (P = 0.422)

-0.024 (P = 0.552)

Factor
treatment
treatment comparisons

Table 4.5 Diagnostic species determined by SIMPER using abundance and biomass data from
samples of fish collected in bare sand, low, mid and high wrack volumes at Shoalwater Bay and
Hillarys. Category in brackets shows the category for which the species is diagnostic. Species
with ratio values ;;:: 1.0 are presented.

Categories
bare sand & low
bare sand & mid
bare sand & high
low&mid
low & high
mid & high

Species
Pelsartia humeralis
Cnidoglanis macrocephalus
Pelsartia humeralis
Cnidoglanis macrocephalus
Pelsartia humeralis
Cnidoglanis macrocephalus
Pelsartia humeralis
Cnidoglanis macrocephalus
Pelsartia humeralis
Cnidoglanis macrocephalus
Pelsartia humeralis

Shoalwater Bay
Abundance Biomass

1.1 (mid)
1.1 (high)
1.3 (high)

1.6 (mid)
1.4 {high)
1.4 {high)

1.3 (mid)
1.1 {high)
1.2 {high)

1.4 (mid)
1.3 (high)
1.3 (high)
1.1 (high)
1.3 {high)

' Hillarys
Abundance
1.5 (low)
1.1 (mid)
2.7 (high)
1.2 {high)

Biomass
1.0 {low)
1.2 (mid)
1.9 (high)
1.2 (mid)

1.2 {high)

1.7 {high)
1.3 {high)
1.1 (high)
1.2 (high)

2.0 {high)
1.0 {high)
1.5 {high)
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Table 4.6: Cnidoglanis macrocephalus and Pelsartia humeralis. Results of non-parametric
Binomial goodness-of-fit data (number observed and associated significance values) testing the
proportion of individuals in seagrass (S), brown algae (B) or mixed (M) wrack habitats.
Bonferroni correction accept at P < 0.017.
Comparison

Cnidoglanis macrocephalus

Pelsartia humeralis

No. observed

P-value

No. observed

seagrass vs brown algae

33:27

0.519

40:20

0.013

seagrass vs mixed wrack

25:35

0.245

31:29

0.897

brown algae vs mixed wrack

20:40

0.013

22:38

0.052

Summary

S=B, S=M, B<M

S=M>B

lil
D

1

P-value

P. humera/is
C. macrocephalus
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u::
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Figure 4.5: Cnidoglanis macrocephalus and Pelsartia humeralis. Mean (+SE) number of
individuals found in seagrass (S), brown algae (B) or mixed (M) wrack habitats.
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4.3.3 Dietary analysis

Gut contents of juvenile Cnidoglanis macrocephalus and Pelsartia humeralis
collected within detached macrophytes at the study sites primarily comprised
Allorchestes compressa, which contributed 70 to 96% of their dietary volume (Table

4.7). Isopods were the next most dominant and consistent prey item, making up to 310% of the diet. Cnidoglanis macrocephalus also consumed relatively large volumes of
crabs (15%) at Shoalwater Bay and small volumes ofbivalves at both sites (Table 4.7).

Table 4.7: Cnidoglanis macrocephalus and Pelsartia humeralis. Percentage composition by
volume of different dietary categories found in fish collected at Shoalwater Bay and Hillarys.
Sample sizes shown in brackets.
Dietary item

A. compressa
isopods
other amphipods
crabs
plant material
bivalves
tanaids
gastropods

Cnidoglanis macrocephalus
Shoalwater (12)
Hillarys (12)

70.8
10.0
0.0
15.4
0.0
3.2
0.0
0.6

93.2
4.6
0.2
0.0
0.4
0.4
1.2
0.0

Pelsartia humeralis
Shoalwater (1 0)
Hillarys (11)

95.5
3.5
0.5
0.0
0.5
0.0
0.0
0.0

95.9
2.9
0.9
0.0
0.3
0.0
0.0
0.0

4.4 Discussion

The fish collected in this study primarily comprised juveniles, regardless of
whether or not wrack was present. In addition, those fish assemblages were dominated
by a small number of numerically abundant species, which is consistent with fish
assemblages in surf zones reported previously (Modde and Ross 1981; Lasiak 1983;
Ross et al. 1987; Romer 1990; Ayvazian and Hyndes 1995; Vanderklift and Jacoby
2003). Since the composition of the fish fauna caught in detached macrophytes at both
sites in this study was similar to each other and to the species caught in wrack at
different locations in the broader region (cf. Lenanton et al. 1982; Robertson and
Lenanton 1984), results from the current study are likely to be applicable to the
relatively exposed surf zones that contain wrack accumulations along the lower west
coast of

Australi~.

Such accumulations are a conspicuous feature of many sandy
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beaches along the coastline (Lenanton et al. 1982), and appear to provide an important,
but transient, habitat for a range of species.
The present study provides clear evidence that the volume of wrack strongly
influences abundance, biomass and species composition of fish in surf zone regions of
the lower west coast of Australia. Greater abundances and biomass of fish were caught
in high wrack volumes than in bare sand areas at both sites, with both variables
generally increasing from low to high volumes of detached macrophytes. Differences in
species composition were largely due to Pelsartia humeralis and Cnidoglanis
macrocephalus being more abundant in higher volumes of wrack. This was the case at
both sites, despite sampling at different levels of exposure and times, and using different
seine nets.
The change in species composition in higher volumes of wrack almost certainly
reflects the addition of structural complexity that is provided by increasing amounts of
detached macrophyte material.

Increasing structure through the presence of wrack,

therefore, has a similar influence on fish assemblages to that provided by attached
macrophytes. The abundance, species- and size-composition of fish have been shown to
be influenced by the presence of seagrass (e.g. Bell and Westoby 1986; Hindell et al.
2001; Jackson et al. 2001; Hyndes et al. 2003).

In general, the greater structural

complexity of seagrass relative to bare sand is considered a key factor in influencing
fish assemblages, irrespective of seagrass species (Bell and Pollard 1989; Edgar and
Shaw 1993; Connolly 1997; Jenkins and Wheatley 1998).

Furthermore, differing

densities of seagrass can influence fish assemblages in seagrass meadows (Edgar and
Robertson 1992; Worthington et al. 1992; Hyndes et al. 2003). Within the broader
study region, species richness and abundance of benthic fishes can be at least three
times greater in seagrass beds than unvegetated sandy habitats (Edgar and Shaw 1993;
Hyndes et al. 2003). Similarly, the structure provided by macroalgae on temperate reefs
can be critical in influencing the dynamics of temperate fish populations (Choat and
Ayling 1987; Anderson 1994; Levin 1994; Levin and Hay 1996), particularly at large
spatial scales (Levin 1994). The structure of algal-dominated reefs had an important
influence on the species- and size-composition of reef-associated fish assemblages in
New Zealand (Choat and Ayling 1987). Thus, similar to attached macrophytes, the
presence of detached macrophytes can strongly influence surf zone fish assemblages.
Fish abundance and biomass clearly increase with increasing wrack volume, but fish
may respond differently to volumes greater than those that could be sampled in the
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present study due to sampling limitations. Fish abundance and biomass could level off
in higher wrack volumes, or decrease beyond a threshold level if the wrack becomes too
dense for fish to inhabit.
The overall patterns in species composition of fish in wrack were largely driven
by two species, Pelsartia humeralis and Cnidoglanis macrocephalus, which were also
highly abundant in wrack in previous studies in south-western Australia (Lenanton et al.
1982; Robertson and Lenanton 1984).

At both Shoalwater Bay and Hillarys, C.

macrocephalus and P. humeralis showed a clear preference for wrack over bare sand

areas. Cnidoglanis macrocephalus was caught only when wrack was present, and even
then, only in moderate to high volumes of wrack. In comparison, the abundances of
Pelsartia humeralis increased with increasing wrack volume. These results suggest that

juvenile C. macrocephalus and P. humeralis prefer to inhabit higher wrack volumes
with greater habitat complexity than lower wrack volumes or bare sand. Similarly, their
adult counterparts have been shown to prefer seagrass meadows with greater structural
complexity and density over sparse seagrass or unvegetated areas (Hyndes et al. 2003).
From tank trials, Cnidoglanis macrocephalus and Pelsartia humeralis showed
no clear preference for any particular type of macrophyte that dominates the wrack in
terms of volume or biomass, i.e. brown algae or seagrass. Indeed, the greater proportion
of C. macrocephalus in a mixture of brown algae and seagrass possibly suggests that
this species prefers a mixture of different types of macrophytes. In the case of P.
humeralis, it is difficult to explain why the tank trials showed a preference for seagrass

over brown algae, particularly when no other pair-wise comparison exhibited a
significant result. Thus, the type of macrophyte that can dominate wrack, at least in
terms of brown algae and seagrass, does not appear to influence the habitat choice of
either of these species, despite the fact that different types of macrophytes differ in
morphology. The brown alga Ecklonia has a large, flattened leaf surface area, while
Sargassum has numerous, dense branches. Posidonia seagrasses have simple, long

strap-like leaves, while the leaves in Amphibolis seagrasses are shorter and attached at
the tips of long wiry stems (Huisman 2000; Hyndes et al. 2003). The apparent lack of
preference for a particular structure therefore contrasts with fish assemblages in
seagrass and algal reefs, where fish· can respond to changes in plant structure (Bell and
Westoby 1986; Anderson 1994; Levin and Hay 1996; Jenkins and Sutherland 1997;
Connolly et al. 1999; Hyndes et al. 2003). In the case of seagrass, changes in the
structure of seagrass leaves have been shown to influence predation rates of fauna, such
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as prawns (Kenyon et al. 1995). The lack of any influence of different wrack types with
different structures on the habitat choice for C. macrocephalus and P. humeralis may
differ under field conditions due to the influence of food, predation and water motion,
though this was impossible to test in the region of study. Previous research has
suggested that not all types of detached macrophytes are of equal value to the amphipod
Allorchestes compressa (one of the main prey items of these fish) as food or shelter

(Robertson and Lucas 1983; Robertson and Lenanton 1984), which was confirmed in
Chapter 3. This being the case, changes in the composition of macrophytes in wrack
may also influence the abundance of fishes associated with different types of wrack in
the field.
The overall structure provided by accumulations of detached macrophytes is
likely to provide shelter from predators, as well as a source of food, as has been shown
in seagrass meadows (Heck and Orth 1980; Orth et al. 1984; Jackson et al. 2001).
Accumulations of wrack in south-western Australia can contain high densities of
potential prey, such as the amphipods Allorchestes compressa and Atylus sp. (Chapters
2 and 3, Robertson and Lucas 1983). In this study, A. compressa dominated the diets of
juvenile C. macrocephalus and P. humeralis caught within wrack, which supports the
results of previous studies (Lenanton et al. 1982; Robertson and Lenanton 1984).
Robertson and Lenanton (1984) showed that both fish species were more abundant in
wrack than in nearby bare sand and their

diet~

were dominated by wrack-associated

macro-invertebrates during both the day and night. The high

invert~brate

abundance in

wrack is considered to be a major factor responsible for the significant fish-wrack
association (Robertson and Lenanton 1984; Lenanton and Caputi 1989). In terms of
protection from predation, detached macrophytes are thought to provide diurnal refuge
for juvenile fish from larger fish and avian predators, such as cormorants, which would
feed less effectively in dense wrack accumulations in the shallow waters of the surf
zone (Lenanton et al. 1982; Robertson and Lenanton 1984).
In this study, we have shown that different species and numbers of fish inhabit
different densities of surf zone wrack. The results from this study suggest that the
density of wrack is more important than the type of wrack in providing a habitat,
particularly for the juveniles Cnidoglanis macrocephalus and Pelsartia humeralis, the
· latter being a recreationally and commercially important fish species. The initial arrival
of these juvenile fish on the open coast may be opportunistically timed to coincide with
the period of greatest accumulations of surf-zone wrack in the study region during
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winter months, particularly after storms (Lenanton et al. 1982; Lenanton and Caputi
1989). Since adult-sized C. macrocephalus occur in more offshore seagrass meadows
(Hyndes et al. 2003) and spawn during spring (Nel et al. 1985; Laurenson et al. 1993),
the juveniles that are released from parental care (Laurenson et al. 1993) may rely on
the movement of macrophytes from those more offshore regions to transport them into
the surf-zone region. Subsequently, the winter accumulations of detached macrophytes
in the surf zone are likely to provide an important habitat for juvenile C. macrocephalus
during their first year of life. However, since the amount of detached macrophytes
strongly influences the abundance and composition of fish, the spatial and temporal
variability of wrack accumulations in surf zones of beaches in south-western Australia
will result in the fish abundance and community structure in surf zones being highly
variable. It is therefore difficult to establish how critical these dynamic habitats are to
the juveniles of species such as C. macrocephalus and P. humeralis. However, wrack is
a prominent feature of the surf zone in the region during late autumn to early spring.
Our results suggest that some fish species, such as C. macrocephalus and P. humeralis,
could be adversely affected if there was a reduction in the amount of detached
macrophytes, either through a reduced supply of macrophytes (e.g. Vanderklift and
Jacoby 2003), or through the removal of wrack resulting from beach cleaning practices.
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CHAPTER 5 - FRACTIONATION AND LIPID BIOMARKERS AS
INDICATORS OF DIET IN ALLORCHESTES COMPRESSA

Abstract
Fractionation of the stable isotopes

o13 C and o15N

and the composition of fatty acid

(FA) and lipid classes (LC) were examined in the amphipod Allorchestes compressa
when it was fed exclusively on specific food types (fresh and decomposed macroalgae
and seagrasses) for three weeks in laboratory feeding trials. Macrophyte type (i.e.
seagrass and brown and red algae) had a greater influence on the stable isotope ratios
and lipid composition of A. compressa than the state of decomposition of the
macrophyte material, with little variation between fresh and decomposed diets. In
contrast to the assumption of the average enrichment between diet and consumer for

o13 C

(0 to +1%o), the experiments revealed trophic depletion of

13

C in A. compressa

compared to its diet for all food types, with greater depletion for those fed on seagrass
(-9 to -10%o) compared to macroalgae (-2 to -4%o). Contrary to the assumption of o15N
enrichment between trophic levels of+3 to +5%o,

15

N was enriched when A. compressa

when fed on diets ofbrown algae (+1%o) and seagrass (+3%o), but depleted (-1%o) when
fed on red algae. Results of the study show that fractionation levels of stable isotopes in
consumers can vary considerably depending on their food source, indicating that
measurements of fractionation is critical for interpreting stable isotope data. Signature
fatty acid profiles of A. compressa varied with diet, indicating the incorporation of
dietary fatty acids into their tissue. Allorchestes compressa fed on seagrass generally
had higher levels of the fatty acids 18 :2w6, and 18:0 to a lesser extent, while those fed
on red algae were higher in 20:4w6. Amphipods fed on brown algae had higher levels of
18:1w9c and to a lesser extent 16:0 and 16:1w7c. There were small variations in the
lipid class profile of A. compressa for different types of diets. Total lipid content and
levels of triacylglycerols (TAG) in A. compressa were higher at the start of the feeding
trials, and for those fed on brown algae diets, while phospholipids (PL) were lower.
These differences in lipids for different diets and their uptake in consumers could
therefore potentially provide useful information on food sources for A. compressa.
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5.1 Introduction

Animal diets are conventionally analysed using gut contents, faecal analysis or
observations through food preference experiments (Pearson et al. 2003). However,
results from these approaches only represent feeding patterns over a brief time period
and the last two approaches are biased towards organisms or parts of organisms that
either digest slowly or do not digest at all and are easy to identify (Michener and Schell
1994; Pinnegar and Polunin 1999; Ruess et al. 2004). In addition, there can be

discrepancy between what is consumed and what is assimilated, with some gut contents
reflecting material which is not assimilated (Michener and Schell 1994; Auel et al.
2002; Connolly et al. 2004; Ruess et al. 2004).

F~eding

preference experiments of

herbivores carried out under artificial conditions with limited food choices, are also
restrictive since they may not reflect their natural diet (Brawley 1992). To achieve an
understanding of longer term assimilation of dietary components and trophic
interactions, stable isotope, and to a lesser extent lipid, analyses have been used
increasingly in feeding studies (Macko et al. 1982; Hesslein et al. 1993; Frazer et al.
1997; Gorokhova and Hansson 1999; Herzka and Holt 2000; Graeve et al. 2001; Auel et

al. 2002; Phleger et al. 2002; Pearson et al. 2003; Chamberlain et al. 2004; Ruess et al.
2004).

Stable isotope ratios can be an effective means of tracing energy and nutrient
flows in ecosystems, although the assumptions and limitations of this approach are often
not fully appreciated or tested (Michener and Schell 1994; Gannes e.t al. 1997; Pearson
et al. 2003). The use of stable isotopes requires that isotopic values of food sources are
passed on to the consumer in a predictable way (Ostrom et al. 1997), and are based on
the assumption that the isotopic ratios of an animal's tissue equals the weighted average
of the isotopic composition of its diet (Gannes et al. 1997; Ruess et al. 2004; 2005).
However, this assumption may be invalid since isotopes can be allocated to and
fractionated differently in different tissues, and assimilated with variable efficiency
(Gannes et al. 1997; 1998). Therefore, addressing this issue requires an understanding
of how the isotopic values of diet and tissues relate (Pearson et al. 2003). The
values of consumers is generally assumed to be enriched (i.e. have higher

o13 C

o13 C values)

on average by about up to 1%o for each trophic step (DeNiro and Epstein 1978; Peterson
and Fry 1987; Michener and Schell 1994), while

o15N values are usually assumed to be

enriched on average by 3-5%o in consumers relative to their diet (Minagawa and Wada
1984; Owens 1987),· ·although this can vary substantially (Adams and Stemer 2000;
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.....
Vanderklift and Ponsard 2003). More controlled laboratory experiments are needed to
test previous assumptions regarding trophic shifts of stable isotopes, to help interpret
natural variations in stable isotope ratios within trophic pathways, and to enable proper
interpretation of stable isotope field data (Gannes et al. 1997; McCutchan Jr et al. 2003;
Ruess et al. 2004).
Lipids are of great nutritional and reproductive significance in all living
organisms (Virtue 1995; Phleger et al. 2001), particularly polyunsaturated fatty acids
(PUF A), which are essential for growth and reproduction (Pond et al. 1995). Lipids can
be used as biomarkers to trace trophic relationships if they have a dietary origin in a
food source and are incorporated without modification by an animal (Sargent and
Whittle 1981; Graeve et al. 1994a). Major lipid classes include sterols, hydrocarbons,
triacylglycerols (TAG) and phospholipids (PL), with fatty acids being the key building
blocks to the complex lipids such as TAG and PL (Nicho1s 1983; Virtue 1995). Fatty
acids offer great potential for use as biomarkers in the marine environment since they
are ubiquitous in marine organisms (Nichols 1983). They can provide information on
dietary composition, trophic level and feeding behaviour (Graeve et al. 1994a; 1994b;
Auel et al. 2002). However, the lipid patterns of animals are not fixed and can be
influenced by species, metabolic activity, diet, development, environmental conditions
and life cycle stage (Virtue et al. 1993; Graeve "et al. 1994b; Morais et al. 2002;
Chamberlain et al. 2004; Haubert et al. 2004; Ruess et al. 2004).
Carbon and nitrogen fractionation, and trophic transfer of lipids and fatty acids
to a primary consumer were examined through feeding experiments on the semi-aquatic
amphipod Allorchestes compressa. This amphipod provides an important link between
primary producers and higher trophic levels in coastal food chains of south-western
Australia (Lenanton et al. 1982; Robertson and Lenanton 1984, Chapter 4), where it
grazes directly on macroalgae and seagrasses which have been detached and transported
from offshore to nearshore areas (Chapter 3) and is consumed by fish in the latter areas
(Chapter 4). The specific aim was to test the assumptions of trophic enrichment
associated with the stable isotopes 6 13 C and 6 15N and the incorporation of dietary lipid
over ,one trophic step in the grazer A. compressa fed a range of different macrophytes
under controlled laboratory conditions.
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5.2 Materials and Methods

5.2.1 Feeding trials
Allorchestes compressa were collected from nearshore wrack accumulations at
Two Rocks, Western Australia (Figure 2.1) and kept in aquaria with an abundance of
mixed wrack for food before the commencement of the feeding trials. Attached
macrophytes were collected from the northern end of Garden Island, Western Australia
(32°09'23" S, 115°40' 11" E). Fresh plant species used in the experiments were the
brown algae Ecklonia radiata and Sargassum sp., the seagrass Posidonia sinuosa and
the red alga Hypnea ramentacea. Decomposed E. radiata and P. sinuosa were also
used. A portion of E. radiata material was placed in aerated seawater, which was
changed regularly for three weeks, to provide arnphipods with partially decomposed
material.

Partially decomposed P. sinuosa [brown (senesced) seagrass leaves] was

collected from accumulations of detached macrophytes at Marmion, Western Australia
(32°52'07" S, 115°45'07" E). These food sources were chosen because they represent
the most dominant species of brown and red algae and seagrass contained in detached
macrophyte accumulations in the region (Chapter 2). Fresh and decomposed plant
material was used since A. compressa can select either fresh or decomposed
macrophytes in the field (Robertson and Lucas 1983). All plants were scraped with a
razor blade to remove epiphytes and frozen until just prior to the experiments. Prior to
the experiments, the plant material was cut into small pieces (<3cm) and mixed
thoroughly before being added to the aquaria.
Three treatments were run in two trials, with the first trial comprising fresh
Ecklonia radiata, Hypnea ramentacea and Posidonia sinuosa and the second trial
comprising either fresh Sargassum sp., decomposed E. radiata or decomposed P.
sinuosa. For each treatment (food source), at least 600 amphipods were put into three
replicate plastic aquaria (27 x 13 x 13cm), which were filled with 20J.!m-filtered
seawater and aerated using an airstone. The aquaria were kept at a constant temperature
of 20°C with 12 hours light and 12 hours darkness to simulate field conditions.
Amphipods in each aquarium were fed an abundance (i.e. an excess) of one food source
over a three-week period, since rapidly growing animals such as small crustaceans are
thought to quickly reflect the isotopic composition of a new diet (Fry and Arnold 1982).
Food and water were changed twice weekly to prevent amphipods consuming
decomposing plant orfaecal material. Plant material and approximately 150 amphipods
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were sub-sampled from each tank in each trial for

o

13

C and

o

15

N analysis at the

commencement of the experiment and then at one-, two- and three-week intervals.
All amphipods were kept in filtered seawater overnight to clear their gut
contents before being frozen. After defrosting, all plant and amphipod samples were
rinsed in deionised water, dried at 60°C for 48 hours and homogenised by grinding in a
ball-mill for 2-3 minutes until they were a fine powder and weighed (plant 5.3 mg,
animal 2 mg) into either 6 x 4 mm or 8 x 5 mm tin capsules (Elemental Microanalysis,
UK).
The

o13 C

and

o15N

isotope values of plant and amphipod samples were

determined using an ANCA-NT (Europa Scientific, Crewe, UK) interfaced with a 20-20
isotope ratio mass spectrometer (Europa Scientific, Crewe, UK).

o13 C and o15N isotope

values of the plant and animal samples were determined by comparison with either a
plant or fish reference material, which had previously been calibrated against Vienna
Peedee Belemnite (V-PDB) or Ambient Inhalable Reservoir (AIR) standard reference
materials with a precision of <0.1%o. All

o13 C and o15N results, expressed using the per

mil (%o) notation, are traceable to the internationally accepted V-PDB or AIR scales.
For amphipod samples that required acid treatment, sub-samples (6mg) were acidified

in situ in tin capsules (6 x 4 mm) using 1N HCl until the sample ceased to effervesce,
indicating the carbonate had been removed (Boutton 1991). Acid washing of small
crustaceans removes traces of nondietary carbonate (Bunn et al. 1995), leaving only
organic carbon. Acid treated amphipod samples were analysed 'for
untreated portion analysed for

o13 C

and the

o15N.

The fractionation between diet and Allorchestes compressa for each time period
(weeks one, two and three) was calculated as the difference in delta (o) values using the
~

notation, according to the following formula for carbon isotopes, with the same

formula used for nitrogen isotopes:
~

13c

= us.l3cconsumer (amphipod)- us.l3 cdiet

o13 C values were based on the average of three replicate samples for each
time period (week). For each plant species, the average o13 C values for all samples from
Amphipod

week 0 to week 3 were used, since one-way ANOVAs showed no significant variation
in

o13 Cfor each plant.type over the course of the experiment (Table 5.2 in section 5.3).
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One-way ANOVAs were used to test whether there was a significant change in the b 13 C
and b 15N of Allorchestes compressa for each diet from week 0 to week 3. For each diet,
one-way ANOVAs were used to test whether there were significant differences in b 13 C
and b15N fractionation for weeks one, two and three.
All statistical analyses were performed using SPSS (Windows, Rel. 11.5.0. 2002
Chicago: SPSS Inc.). Plant species and diet were fixed factors. Since there were
multiple analyses, a bonferroni correction factor was applied, with significance accepted
at P:::; 0.004. Prior to performing ANOVAs, the data were examined for normality and
tested for homogeneity of variance using Levene's test and transformed when
necessary. When transformation did not improve the test of homogeneity of variance,
significance was accepted at P :::; 0.001. Tukey's HSD test was used to test for
significant differences in pairwise comparisons between the b 13 C and b15N values at the
start of the trials, then week one, tw'o and three for plants and amphipods, as well as
between the carbon and nitrogen fractionation values for week one, two and three.

5.2.2 Lipid analysis
Samples of plants and amphipods collected for stable isotope analysis at week 0
and week 3 were also used for lipid analysis. Three replicate samples for each plant
species and amphipods were pooled to give approximately 25 mg total dry weight. The
restricted number of samples for lipid analysis was due to the time required and
processing expenses associated with this analysis. Lipids were

~xtracted

from the

samples quantitatively by a single-phase chloroform/methanol/water method (Bligh and
Dyer 19'59), which was modified by substituting dichloromethane for the chloroform.
The sample was added to 50 ml of a 3:6:1 v/v/v dichloromethane/methanollwater
solution. To the extraction solution, 20 )ll of 5B(H)-cholan-24-ol (Chiron AS, Norway)
was added as an internal standard. The extraction mixture was shaken and then
sonicated for 10 minutes. The extract was transferred to a separating funnel, then 15 ml
of dichloromethane, followed by 15 ml water, were added and the mixture was allowed
to stand for phase separation. The lipids were recovered in the lower dichloromethane
layer. The solvents were removed under vacuum using rotary evaporation at 40°C. All
samples were diluted to 1 ml with dichloromethane, and 40% of the total solvent extract
(TE) was retained for lipid class analysis. The remaining 60% of the TE was transferred
to a screw cap glass vial, sealed under nitrogen (BOC Gases, Australia; ultra high
purity)and kept refrigerated at 4°C until further processing.
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A portion of the total lip{d extract was analysed to determine lipid class
composition and abundance using an Iatroscan MK V THlO TLC-FID analyser
(Volkman and Nichols 1991). Each sample was applied to silica gel SII chromarods
using 1 Jll disposable micropipettes. Chromarods were then developed in a glass tan1c
lined with pre-extracted filter paper for 25 minutes .. The solvent system used for lipid
separation was hexane, ether and acetic acid (60:18:0.1 v/v/v), for resolving
triacylglycerols, hydrocarbons, free fatty acids, sterols and polar lipids (Volkman and
Nichols 1991).

After development, chromarods were oven-dried at 100°C for 10

minutes and analysed immediately. The flame ionization detector (FID) was calibrated
for each compound class using external standards, with separate calibration curves used
for each lipid class. The peaks were quantitated using DAPA software (Kalamunda,
Western Australia).
The remaining TE (60%) was evaporated under a stream of nitrogen and
saponified by adding 3 m1 5% potassium hydroxide (BDH Laboratory Supplies, UK;
AnalaR) in 80:20 methanol/water. The sample was sealed under nitrogen and placed in
a heating block at 80°C for 2 h. After heating, the solution was allowed to cool before 3
m1 water and 3 m1 4:1 hexane/dichloromethane (Mallinkrodt Laboratory Chemicals;

Nanograde) were added. The solution was then centrifuged at 2000 rpm for two minutes
to assist separation. The top solvent layer contained the non-saponifiable lipids (i.e.
hydrocarbons, sterols, alcohols) and the bottom aqueous layer contained the fatty and
bile acids. The top layer was transferred by pipette to a sample v:ial and evaporated
under nitrogen. Non-saponifiable lipids were converted to their corresponding 0-TMSi
ethers by the addition of bis(trimethylsilyl)trifluoroacetamide (BSTFA, 100

~-tL,

60°C,

60 min.) (Alltech Associates Inc., USA; 99% + 1% TCMS).
The bottom layer containing the fatty and bile acids was acidified by adding 500
Jll of concentrated HCl and then extracted with hexane/dichloromethane as described
above. The solution was then centrifuged at 2000 rpm for two minutes to assist
separation. The extract was then treated with a methanol-hydrochloric acid-chloroform
(1 0:1:1 v/v/v) solution and placed in a heating block at 80°C for 2 h. After heating, the

solution was allowed to cool before 3 m1 water and 3 ml 4:1 hexane/dichloromethane
(Mallinkrodt Laboratory Chemicals; N anograde) were added. The solution was then
centrifuged at 2000 rpm for two minutes to assist separation. The top layer, containing
fatty acid methyl esters (FAME), was transferred by pipette to a sample vial and
evaporated under nitrogen.
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Gas chromatography (GC) was initially performed usmg a Varian 3800
chromatograph equipped with FID detector and SPI programmable injector. The GC
was equipped with a 50 m x 0.32 mm i.d. cross-linked 5% phenyl-methyl silicone (HP5
ultra 2) fused-silica capillary column, with helium as the carrier gas. Samples were
injected with the oven temperature at 45°C for one minute, after which the oven
temperature was raised at 30°C I min to 140°C and then at 3°C I min to 300°C where the
oven temperature was held for five minutes. The SPI injector and the detector were both
held at 310°C. Prior to analysing the FAME by GC, C23:0 tricosanoic fatty acid methyl
ester was added as an internal injection standard. Peak identifications were based on
comparison of retention times with authentic and laboratory standards and subsequent
gas chromatographic-mass spectrometric (GCMS) analysis. Data were acquired and
peak area quantified using Varian Galaxie chromatography software.
Verification of the identity of individual non-saponified neutral lipids and fatty
acids detected by GC analysis was performed on a ThermoquestiFinnigan GCQ-Plus
benchtop mass spectrometer fitted with a direct capillary inlet and an on-column
injector. Samples were injected using an AS2000 auto sampler, with the non-polar
column (HP5) and operating conditions similar to those described above for GC-FID
analyses, with helium used as the carrier gas. Data were acquired in scan acquisition
mode and processed using Xcalibur software supplied with the instrument.

The

detection limit was """ 10 ng. The fatty acids were expressed as relative abundance of the
total fatty acids (i.e. area percentage of the total area of fatty acids),, excluding internal
standard and contaminant peaks.
5.2.3 Amphipod starvation trial

To determine the effect of starvation on amphipod isotopic composition and
whether changes in 613 C values occurred comparable to the changes in the feeding
trials, Allorchestes compressa were placed in aquaria with 2011m-filtered seawater at
20°C without food. The seawater in the aquaria was changed every 1-2 days to remove
faecal material and dead amphipods as potential food sources. Intact dead amphipods
from each interval were stored frozen for later 613 C and 6 15N analysis. The process of
harvesting dead amphipods and placing the remaining individuals in fresh seawater
continued until there were no living animals (28 days). Amphipods were analysed for
6 13 C and 6 15N before starvation and after death, with dead amphipods from different
days pooled from· days 6-9 and for days 10-11 to provide sufficient material for
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analysis. Stable isotope processmg and analyses were canied out using the same
pmcedures as described for the feeding trials.
5.3 Results
5.3.1 Stable isotopes

During trial one, 6 13 C values of Ecklonia radiata ranged from -14.0 to -16.6%o,
similar to Hypnea ramentacea (-14.8 to -15.8%o), while those of Posidonia sinuosa
were higher, ranging from -7.1 to -8.2%o (Table 5.1, Figure 5.1a). For each plant
species, there were no significant differences in 6 13 C over the duration of the trial
(Table 5.2). Allorchestes compressa at the commencement of trial one were generally
more depleted in 13 C relative to the plant material (Figure 5.1a). Allorchestes compressa
fed on P. sinuosa became significantly enriched in

13

C over the course of the

experiment (Table 5.2). Tukey's post-hoc test revealed that 6 13 C values of amphipods
fed on this diet were significantly different between the start of the trial and weeks two
and three. There was no significant difference in the 6 13 C values for amphipods fed on
P. sinuosa between weeks one, two and three, indicating that the enrichment of 13 C had

levelled off over the duration of the trial. In contrast, A. compressa fed on E. radiata or
H ramentacea showed no significant change in

13

C over the course of the experiment

(Figure 5.1a, Tables 5.1 and 5.2).
In trial one, the 6 15N values of Ecklonia radiata ranged from 6.9 to 7.4%o, while
Hypnea ramentacea ranged from 8.7 to 9.3%o and Posidonia sinuosa from 3.6%o to

4.0%o (Table 5.1, Figure 5.1b). For each plant species, there was no significant
difference in 6 15N over the time period of the trial (Table 5.2). The 6 15N values of
Allorchestes compressa at the commencement of trial one were enriched, depleted and

the same as those of P. sinuosa, H ramentacea and E. radiata, respectively (Figure
5.1b). Allorchestes compressa fed on E. radiata became significantly enriched in

15

N

(Figure 5.1b, Tables 5.1 and 5.2), with Tukey's post-hoc tests revealing that amphipods
from weeks one, two and three were more enriched in 15N than those from the start of
the trial. Similarly, amphipods fed on H ramentacea became significantly enriched in
15

N (Figure 5.1b, Tables 5.1 and 5.2), with Tukey's post-hoc tests revealing that

amphipods from the start of the trial were more enriched in

15

N than those at the end

(week three). In contrast, the 615N values of amphipods fed on P. sinuosa did not vary
significantly over the course of the trial (Figure 5.1b, Tables 5.1 and 5.2).
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Table 5.1: Mean and standard error values of o 15N and

cPC

of macrophytes and Allorchestes

compressa before and at weekly intervals when fed a single food source for three weeks.
Sample size is three replicates for all samples. N.B. Each replicate sample of A. compressa
constitutes approximately 150 animals.
Sample

Plant species I diet

TRIAL 1
Macrophytes

E. radiata
E. radiata
E. radiata
E. radiata
H. ramentacea
H. ramentacea
H. ramentacea
H. ramentacea
P. sinuosa
P. sinuosa
P. sinuosa
P. sinuosa
A. compressa initial
E. radiata
E. radiata
E. radiata
H. ramentacea
H. ramentacea
H. ramentacea
P. sinuosa
P. sinuosa
P. sinuosa
TRIAL 2
Macrophytes Decomposed E.
Decomposed E.
Decomposed E.
Decomposed E.
Decomposed P.
Decomposed P.
Decomposed P.
Decomposed P.
Sargassum sp.
Sargassum sp.
Sargassum sp.
Sargassum sp.
A. compressa initial
Decomposed E.
Decomposed E.
Decomposed E.
Decomposed P.
Decomposed P.
Decomposed P.
Sargassum sp.
Sargassum sp.
Sargassum sp.

radiata
radiata
radiata
radiata
sinuosa
sinuosa
sinuosa
sinuosa

radiata
radiata
radiata
sinuosa
sinuosa
sinuosa

Week

13

o c
Mean 1SE

oisN
Mean 1SE

0
1
2
3
0
1
2
3
0
1
2
3
0
1
2
3
1
2
3
1
2
3

-14.4
-15.2
-14.0
-16.6
-14.8
-15.8
-15.5
-14.8
-8.2
-8.5
-7.1
-7.1
-21.2
-19.6
-19.4
-20.2
-19.2
-18.7
-18.5
-17.9
-17.3
-16.8

0.1
0.4
0.4
0.8
1.5
0.8
1.0
1.1
0.2
0.2
0.1
0.6
0.8
0.8
0.4
0.2
0.1
0.0
0.3
0.1
0.2
0.2

7.4
6.9
7.2
7.1
8.8
8.9
8.7
9.3
3.9
4.0
3.6
3.8
7.4
8.1
8.4
8.5
7.8
7.8
8.2
7.4
7.5
7.3

0.1
0.2
0.1
0.3
0.2
0.2
0.1
0.2
0.3
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.0
0.1
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Figure 5.1: Mean (± S.E.) values of (a) <~,Uc and (b)

o15N

for Allorchestes compressa and

macrophytes in feeding trial one over three weeks. Time series provides data for before
commencement of each trial and at one, two and three week intervals.
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Table 5.2: Results of one-way ANOVAs for

13

C and

15

N in different plant species and

Allorchestes compressa fed on different diets over a three-week trial period. Bold type indicates
significance based on bonferroni correction of P < 0.004, * indicates accept at 0.001.
Variable
Plant SQecies
Ecklonia radiata

Isotope
o 13 C
oisN

Hypnea ramentacea

o 13 C
oisN

Posidonia sinuosa

o 13 C
oisN

Decomposed E. radiata

o 13 c
oisN

Decomposed P. sinuosa

o13 C
oisN

Sargassum sp.

o 13 c
oisN

Diet
Ecklonia radiata

transformation

o 13 c
oisN

Hypnea ramentacea

o 13 C
oisN

Posidonia sinuosa

o 13 C
oisN

Decomposed E. radiata

o 13 C
oisN

Decomposed P. sinuosa

o 13 c
oisN

Sargassum sp.

o 13 C
otsN

None
None
None
None
None
None
None
None
None
None
None
None

None
None
None
None
None
None
None
None
None
None
None
Log(x+1)

df

MS

F-ratio

P-value

3
3
3
3
3
3
3
3
3
3
3
3

0.65
0.10
3.81
0.08
0.33
0.08
0.21
0.19
0.31
0.47
0.63
0.09

6.37
1.13
0.22
3.00
5.08
1.16
9.15
0.88
3.02
2.94
6.88
4.54

0.016
0.393
0.881
0.095
0.029
0.383
0.006
0.492
0.094
0.099
0.013
0.039

3*
3
3*
3
3*
3*
3
3*
3
3*
3*
3

1.10
0.01
0.58
0.01
0.55
0.01
0.66
0.03
0.09
0.01
0.62
<0.01

1.58
54.25
7.50
20.49
20.98
3.46
6.45
20.59
5.61
0.58
1.64
55:65

0.268
<0.001
0.010
<0.001
<0.001
0.071
0.016
<0.001
0.023
0.646
0.255
<0.001

Similar to trial one, there was no significant difference in
species over the course of trial two (Table 5.2). The

o13 C

o13 C for each plant

values of decomposed

Ecklonia radiata ranged from -16.0 to -17.7%o, which were similar to those of
Sargassum sp. -14.9 to -17.6%o, while the
sinuosa were more enriched in

13

o13 C

values for decomposed Posidonia

C (-5.7 to -7.0%o) (Table 5.1, Figure 5.2a).

Allorchestes compressa at the commencement of trial two were more depleted in
than the plant material (Figure 5.2a). There was no significant change in the

o13 C

o13 C values

of A. compressa fed on either decomposed E. radiata, decomposed P. sinuosa or
Sargassum sp. over the duration of the trial (Figure 5.2a, Tables 5.1 and 5.2).
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Figure 5.2: Mean (± S.E.) values of (a)

o13 C

and (b)

o15N

for Allorchestes compressa and

macrophytes in feeding trial two over three weeks. Time series provides data for before
commencement of each trial and at one, two and three week intervals. d = decomposed plant
material.
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The () 15N values for each plant species were not significantly different over the
course of trial two (Table 5.2). The

C>

15

N values of decomposed Ecklonia radiata and

fresh Sargassum sp. were similar and ranged from 7.6 to 8.5%o, while those of
decomposed Posidonia sinuosa were more depleted and ranged from 4.3 to 5.8%o
(Table 5.1, Figure 5.2b). Allorchestes compressa at the commencement of trial two was
enriched in 15N relative to decomposed P. sinuosa, and depleted relative to Sargassum
sp. and decomposed E. radiata (Figure 5.2b, Table 5.1). In comparison, there was no
significant change over time in the

C>

15

N values of A. compressa fed on decomposed P.

sinuosa (Table 5.2). There was a significant change in

C>

15

N in amphipods fed on

decomposed E. radiata or Sargassum sp. over the duration of the trial (Figure 5.2b,
Tables 5.1 and 5.2). Tukey's post-hoc tests revealed that amphipods became more
enriched in

15

N between the start of the trial and weeks one, two and three, between

week one and week three for those fed on Sargassum sp., and between the start of the
trial and weeks two and three for those fed on decomposed E. radiata (Table 5.1, Figure
5.2b).
Allorchestes compressa showed negative fractionation of C> 13 e for all diets, with
higher fractionation for amphipods fed on seagrass (-9 to -10%o) than on macroalgae (-2
to -4%o) (Figure 5.3a, Table 5.3). One-way ANOVAs showed that for all diets there
were no significant shifts in the fractionation of 13 e for A. compressa over the course of
the experiment (Table 5.4). Allorchestes compressa fed on fresh and decomposed
Posidonia sinuosa showed similar fractionation levels (-9 to -10%o). In contract,
amphipods fed on fresh Ecklonia radiata were depleted in

13

e by -4.6 to -5.1%o, those

fed on decomposed E. radiata were depleted by -3.2 to -3.5%o and those fed on Hypnea
ramentacea by -3.9 to -3.3%o (Table 5.3). Allorchestes compressa fed on Sargassum sp.
were less depleted in Be (-1.8 to -2.5%o).
In contrast to

Be,

Allorchestes compressa showed either enrichment or

depletion of 15N (Table 5.3, Figure 5.3b). One-way ANOVAs showed a significant shift
in the fractionation of 15N for A. compressa fed on Sargassum sp. (Table 5.4), with
Tukey' s post hoc tests revealing there was a significant enrichment in

15

N between

week one (0.2%o) and week three (0.9%o). There were no significant shifts in

15

N

fractionation between weeks one and three for the other diets (Table 5.4). Allorchestes
compressa showed slight enrichment of approximately 0.5 to 1%o when fed on fresh and
decomposed. Ecklonia radiata and approximately 3%o when fed on fresh and
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decomposed Posidonia sinuosa (Table 5.3, Figure 5.3b). In comparison, amphipods fed
on the red alga Hypnea ramentacea were slightly depleted (-1%o) in

15

N (Table 5.3,

Figure 5.3b).
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Figure 5.3: Mean (± S.E.) values for (a)

13

C and (b)

15

N stable isotope fractionation in

Allorchestes compressa fed on different diets over three weeks. d = decomposed plant material.
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Table 5.3: Myan (± S.E.) fractionation of Be and 15N isotopes in Allorchestes compressa fed on
different diets over three weeks.
Diet

Time

Trial1
E. radiata
E. radiata
E. radiata

1 week
2 weeks
3 weeks

-4.6 ± 0.8
-4.4 ± 0.4
-5.1 ± 0.2

0.9 ± 0.1
1.3±0.1
1.3±0.1

H. ramentacea
H. ramentacea
H. ramentacea

1 week
2 weeks
3 weeks

-3.9±0.1
-3.5 ± 0.0
-3.3 ± 0.3

-1.2 ± 0.1
-1.1 ± 0.1
-0.8 ± 0.1

P. sinuosa
P. sinuosa
P. sinuosa

1 week
2 weeks
3 weeks

-10.2 ± 0.1
-9.6 ± 0.1
-9.1 ± 0.2

3.6 ± 0.0
3.6 ± 0.0
3.4±0.1

Decomposed E. radiata
Decomposed E. radiata
Decomposed E. radiata

1 week
2 weeks
3 weeks

-3.2 ± 0.2
-3.5 ± 0.8
-3.5 ± 0.5

0.4±0.1
0.7 ± 0.0
0.7 ± 0.3

Sargassum sp.
Sargassum sp.
Sargassum sp.

1 week
2 weeks
3 weeks

-1.8 ± 0.1
-1.1 ±0.2
-2.5 ± 0.9

0.2 ± 0.1
0.6 ± 0.2
0.9 ± 0.2

Decomposed P. sinuosa
Decomposed P. sinuosa
Decomposed P. sinuosa

1 week
2 weeks
3 weeks

-10.7±0.1
-10.6 ± 0.2
-10.4 ± 0.2

2.9 ± 0.0
3.0 ± 0.1
3.0 ± 0.1

Trial2

Table 5.4: Results of one-way ANOVAs for

Be and 15N fractionation inAllorchestes compressa

fed on different diets over three weeks. Bold type indicates significance, based on bonferroni
correction of P < 0.004, *indicates accept at 0.001.
Allorchestes compressa diet
Ecklonia radiata

Isotope

oBe

0 1sN
Hypnea ramentacea

613 e
01sN

Posidonia sinuosa

6Be
01sN

Decomposed E. radiata

613 e
0 1sN

Decomposed P. sinuosa

613 e
01sN

Sargassum sp.

oBe

0 1sN

df
2*
2
2*
2
2
2
2
2
2
2
2*
2

MS
0.808
0.012
0.112
0.012
0.065
0.003
0.881
0.038
0.120
0.007
0.821
0.022

F-ratio
0.52
10.61
2.85
11.73
16.43
13.02
0.10
2.80
0.45
0.29
1.84
17.79

P-value
0.618
0.011
0.135
0.008
0.006
0.007
0.905
0.138
0.659
0.755
0.238
0.003
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Starvation of Allorchestes compressa for up to 4 weeks had little, if any, effect
on

o13 C

o15N

and

values. Before food deprivation, the

-19.1%o (Figure 5.4a). The

13

o13 C

of A. compressa was

C of A. compressa became slightly more depleted (-21.2 to

-20.5%o) after 10 to 16 days of food deprivation. The relatively low

o13 C value for day

6 (-25.6%o) is likely to be an anomaly as the values for all other days were far less
depleted. Before food deprivation, the

15

N of A. compressa was 8.2%o and varied little

over the period of starvation, fluctuating between 7.5 to 8.4%o (Figure 5.4b).
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Figure 5.4: (a) () 13 C and (b) () 15N values of Allorchestes compressa starved over a 16-day period.
Day 0 represents the isotopic composition of amphipods prior to food deprivation. Day 7
represents amphipods from days 6 to 9, and Day 10 represents amp hipods from days 10 and 11.

5.3.2 Fatty acid composition
In the first trial, saturated fatty acids (SF A) were dominant in all plant samples,
comprising 35.5 to 62.1% palmitic acid (16:0) (Table 5.5). Palmitic acid was also the
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dominant SF A for amphipods fed on all diets, with similar levels in Allorchestes
compressa at the start of the trial and those fed on Ecklonia radiata and slightly lower
levels in those fed on Hypnea ramentacea or Posidonia sinuosa. 14:0 was higher in E.
radiata samples, but did not appear to be taken up by A. compressa since there were
similar levels for all diets. 18:0 was high in P. sinuosa (13%), but did not appear to be
taken up by A. compressa fed on P. sinuosa since there were similar levels for all diets
(Table 5.5). Monounsaturated fatty acids (MUFA) in the plants were dominated by
18: 1w9c, which was high in amphipods at the start of the trial and remained high in
amphipods fed on E. radiata, yet was lower in those fed on H. ramentacea or P.
sinuosa. 18:lw7 was dominant in the plant samples, particularly H. ramentacea at week
3, yet remained at similar levels for A. compressa fed on all diets. Polyunsaturated fatty
acids (PUFA) were relatively low in all plant and animal samples (Table 5.5) due to the
sample preparation (samples were dried at 60 °C). Compared to A. compressa at the
start of the trial, total PUFA content decreased for amphipods fed on E. radiata, and
increased in those fed on H. ramentacea or P. sinuosa (Table 5.5). This pattern is
mainly due to 20:4w6 and 18:2w6. 20:4w6 appeared to remain at similar levels for
those amphipods fed on E. radiata or P. sinuosa, yet increased for those fed on H.
ramentacea compared to amphipods at the start of the trial. 18:2w6 was high (7.1 and
11.3%) in P. sinuosa samples and was high in amphipods that fed on this seagrass
(13.2%) relative to A. compressa at the start ofthe trial and those fed on H. ramentacea
and E. radiata.
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Table 5.5: Fatty acid composition (percent of total fatty acids) ofmacrophytes and Allorchestes

compressa from laboratory feeding trial 1. Samples were collected at week 0 (start) and week 3
(end of experiment).
Plant species
Red algae
Brown algae Seagrass
H. ramentacea E. radiata
P. sinuosa
weekO week 3 week 0 week 3 week 0 week3
0
5.6
15.1
2.1
3.3
6.4
14:0
0
0.8
2.1
3.2
0.7
1.5
15:0
53.3
61.2
37.0
44.7
35.5
40.3
16:0
0
0
0
1.4
1.7
0
17:0
3.6
0
3.2
2.8
13.4
13.3
18:0
0
0
0
0
0
0
19:0
0.9
2.7
0.9
0
0
0
20:0
0
22:0
0
0
0.9
1.1
0
SumSFAA
53.3
62.9
71.9
47.5
66.8
56.3
0
0
0
0
0
0
i14:0
0
0
i15:0
0
0
0
0
0
0
0
a15:0
0
0
0
2.1
0
0
il6:0
0
0
1.1
0
0
0
il7:0
0
0
0
0,
Sum branchedA
2.1
0
0
0
1.1
0
0
0
16: 1m9c
0
0
0.4
0
8.5
4.3
2.7
9.7
3.6
16:1m7c
0
0
0
16:1m5c
0
0
0
0
0
0
1.4
0
0
17:1m8
0
0
0.9
17:1m6
0
0
0.8
19.3
18:1m9c*
18.2
26.5
17.5
17.8
14.6
5,5
14.4
5.6
2.3
1.0
18:1m7
3.7
0
0
0
18:1m5c
0
0
0
0
0
0
0
0.7
0
19:1
20:1m9c+20:3m3
0
0
0
0
0
0
0
0
20:1m7c
0
0
0
0
0
22:1m11/13
0
1.1
0
0
0
0
22:1m7
0
0
0
0
0
SumMUFAA
33.7
37.2
25.4
23.9
30.8
29.5
0
0
0
0
0
0
18:3m6
2.9
0
0
18:4m3
0
0
0
0
4.4
11.3
1.3
1.2
7.1
18:2m6
0
0
20:4m6
0.7
6.4
0.9
0
2.3
0
1.7
0.1
0
20:5m3
0
0
0
0
0
20:3m6
0
0
0
0
0
0
0
20:4m3
0
0
20:2m6
0
0
0
0
0
0
0
21 :5m3
0
0
0
0
0
0
21PUFA
0
0
0
0
0
0
22:5m6c
0
0
0
0
0
0
0
22:6m3
0
0
0
0
0
0
22:4m6
0
0
0
0
0
0
22:5m3
0
0
0
0
0
0
22PUFA
0
0
0
SumPUFAA
4.3
0
15.3
2.3
11.3
7.1
16:0FALDA
1.8
2.5
0
0
0
0
18:0 FALDA
13.1
0
0
0
0
0
13.1
0
0
2.5
0
Sum others
1.8

Fatty Acid

Allorchestes compressa
Red algae
Brown algae Seagrass
Initial H. ramentacea E. radiata P. sinuosa
weekO
week3
week3
week3
1.3
0
1.8
0.5
0.5
0.5
0
0.3
21.0
15.6
24.8
18.5
0.6
0.8
0.8
0.3
4.2
4.8
5.1
6.8
0.2
0.5
0
0
0.6
0.9
1.2
0.9
0.3
0.8
0.7
0.3
27.4
25.0
33.5
28.7
0.1
0
0
0
0.4
0
0
0
0.2
0
0
0
0.2
0
0
0
0.6
0.5
0
0
1.4
0.5
0
0
0
0
0
0
3,2
0.1
3.7
5.2
0.2
0
0
0
0.8
0.8
0.7
0.6
0
0
0
0.3
28,2
40.1
27.5
39.5
5.6
5.6
4.4
3.0
0.1
0
0
0
0.7
0.9
0
0
0.4
1.9
1.6
2.6
0.8
1.0
0.7
0.7
0
0
0
0
0.3
0.6
0
0.4
41.0
41.2
49.4
50.6
0.1
0
0.3
0
1.4
1.1
0.9
0.7
13,2
3.0
3.8
3.2
11.8
16.0
8.1
9.4
6.2
2.7
3.1
1.3
0.5
0.9
0.8
0.5
0.8
0.6
0.4
0.7
1.2
0
0
0.3
0.2
0
0
0
0.1
0
0
0
0.2
0.4
0
0
0.8
0.9
2.3
0
0.3
0.5
0.5
0.4
0.4
0.2
0.9
0.5
0
0.1
0
0
30.5
23.4
32.4
15.5
0.9
0.2
1.1
0.4
0.1
0
0
0
0.4
1.1
0.4
0.9

*also contains 18:3w3 as a minor acid. A Definitions: SFA =saturated fatty acids, branched= branched
SF A, MUFA= monounsaturated fatty acids, PUF A= polyunsaturated fatty acids, FALD =fatty aldehyde
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As for the first trial, SFA were dominant in all plant samples in the second trial.
Palmitic acid was particularly dominant, comprising 49.2 to 75.6% of the fatty acids
(Table 5.6). Palmitic acid was also the dominant SFA for Allorchestes compressa at the
start of the trial and for all diets, and was highest in amphipods fed on Sargassum sp. or
decomposed Ecklonia radiata by the end of the trial (Table 5.6). 14:0 was absent in P.
sinuosa, moderate in Sargassum sp. and high in decomposed E. radiata samples (Table
5.6) and remained at low levels for A. compressa fed on all diets. 18:0 was high in
decomposed P. sinuosa (13-19%), and was slightly higher in A. compressa fed on
decomposed P. sinuosa relative to those at the start of the trial and those fed on the
other diets. MUFA were dominated in the plants by 18:1w9c, which was at similar
levels to A. compressa at the start of the trial and amphipods fed on Sargassum sp. or
decomposed P. sinuosa (29.3-32.6%), yet this MUFA increased (43.5%) in amphipods
fed on decomposed E. radiata (Table 5.6). 16:1w7c was absent in decomposed P.
sinuosa, but dominant in Sargassum sp. and decomposed E. radiata. This MUF A
increased in amphipods fed on Sargassum sp. and decomposed E. radiata over the
duration of the trial, but decreased in those fed on decomposed P. sinuosa. 18:1w7 was
also a dominant MUF A in decomposed P. sinuosa samples, yet remained at similar
levels for A. compressa at the start of the trial and those fed different diets (2.6-5.1 %)
(Table 5.6). PUFA were again low in all plant and animal samples and absent in
decomposedP. sinuosa samples (Table 5.6). PUFA levels in A. compressa at the start of
the trial (31.4%) remained at similar levels in amphipods fed on decomposed P. sinuosa
(32.7%), yet were lower in amphipods fed on Sargassum sp. (22%) and decomposed E.
radiata (11.1%). 20:4w6 was the dominant PUFA, which was at similar levels in A.
compressa at the start of the trial and in those fed on decomposed P. sinuosa and lower
for those fed on Sargassum sp. and decomposed E. radiata.
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Table 5.6: Fatty acid composition (percent of total fatty acids) of macrophyte and Allorchestes

compressa samples from laboratory feeding trial2. Samples were collected at week 0 (start) and
week 3 (end of experiment). d =decomposed plant material.
Fatty Acid

Plant species
Brown algae
Seagrass
Sargassum sp.
dE. radiata
dP. sinuosa
week 0 week 3 week 0 week 3 week 0 week3
6.0
11.1
14:0
3.6
15.1
0
0
0.9
15:0
0.5
1.5
2.1
0
0
54.1
47.6
52.1
52.1
43.2
16:0
40.8
0
17:0
0
0.4
0
0
0
2.3
1.8
2.6
3.3
19.1
18:0
13.0
0
0
19:0
0
0
0
0
20:0
0.7
0.8
3.3
3.0
0
0
1.2
1.4
0.2
22:0
0
0
0
Sum SF A''
49.2
65.0
66.7
75.6
56.2
71.1
i15:0
0.6
0
0.3
0
0
0
0
0.2
a15:0
0
0
0
0
i16:0
0.3
0.2
0
0
0
0
i17:0
0
0
0
0
0
0
Sum branched"
0
0.9
0.7
0
0
0
16:1oo9c
0,
0
0.3
0
0
0
16:1oo7c
6.2
6.5
7.9
5.0
0
0
16:1oo5c
0
0.2
0.1
0
0
0
17:1oo8
0
0
0.4
0
0
0
17:loo6
0
0
0.3
0
0
0
18:1oo9c*
12.5
16.7
16.2
17.9
19.2
22.0
18:1oo7
2.8
2.5
1.2
0.9
11.0
15.2
18:loo5c
0.1
0
0
0
0
0
19:1
0
0
0.2
0
0
0
20:1oo9c+20:3oo3
2.5
2.0
0.4
0
0
0
20:1oo7c
0.1
0.1
0
0
0
0
22:1ooll/13
2.2
3.5
0
0
9.4
0
22:1oo7
0
0
0
0
0
0
SumMUFA"
28.1
28.7
22.5
33.5
28.9
43.8
18:3oo6
0
0
0.4
0
0
0
18:4oo3
0.9
0.4
0
0
0
3.5
18:2oo6
4.8
1.1
1.2
1.6
0
0
20:4w6
5.6
1.2
1.2
0.8
0
0
20:5w3
1.9
0
0.2
0
0
0
20:3w6
0
0.4
0
0
0
0
20:4w3
2.2
0
0
0
0
0
20:2oo6
0.1
0
0
0
0
0
22:5oo6c
0
0
0
0
0
0
22:6oo3
0
0
0
0
0
0
22:4oo6
0
0
0
0
0
0
22:5oo3
0
0
0
0
0
0
Sum PUFA"
16.9
5.3
3.4
2.0
0
0
16:0 FALD"
0.7
0.3
0.4
0
0
0
18:0FALD"
0
0
0
0.1
0
0
Sum others
0.4
0.7
0.5
0
0
0

Allorchestes compressa
Brown algae
Seagrass
Initial Sargassum sp. dE. radiata I P. sinuosa
weekO
week3
week3
week3
0.3
1.8
2.5
0
0.4
0
0.3
0
14.6
25.4
26.8
13.8
0.9
0.3
0.2
1.1
5.8
4.2
2.9
7.8
0.4
0
0
0
0.7
1.0
0.4
0.7
0.5
0.8
0.3
0.2
23.6
32.4
24.6
33.6
0
0
0
0
0
0
0
0
0
0
0
0
0.4
0.2
0
0
0.4
0.2
0
0
0
0
0
0
2.1
4.4
1.5
5.5
0
0
0
0
0.6
0.7
0
0
0
0
0
0
30.6
29.3
32.6
43.5
5.1
3.1
2.6
3.9
0.1
0
0.1
0.1
0.4
0.8
0.2
0.3
3.3
4.6
3.5
1.5
0.9
1.0
0.6
0.5
0
0
0.5
0
0.4
0.5
0
0
45.0
54.7
41.5
43.5
0.4
0
0
0
1.4
1.9
0.4
0.9
3.5,
4.7
4.5
2.2
17,9
16.8
1L8
6.0
3.2
3.3
3.3
1.1
0.8
0.9
0.6
0.3
0.7
0.7
0
0.3
0
0.9
0
0.2
0.5
0.5
0.2
0
1.2
1.1
0.5
0.2
0.7
0.9
0.6
0.3
0.6
0.6
0.2
0.6
32.7
31.4
22.0
11.1
1.1
0.5
0.3
1.1
0
0
0
0
1.2
1.1
0.6
0.4

* also contains 18:3 w3 as a minor acid. " Definitions: SF A = saturated fatty acids, branched =branched
SFA, MUFA= monounsaturated fatty acids, PUFA= polyunsaturated fatty acids, F ALD =fatty

aldehyde.
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5.3.3 Lipid classes

In trial one, lipid content was higher in Posidonia sinuosa at week 0 than in
other plant samples (Table 5.7). Lipid content decreased from the start of trial one for
Allorchestes compressa fed on Hypnea ramentacea, Ecklonia radiata or P. sinuosa.

Polar lipid (PL) was the major lipid class (LC) for all plant samples (69.9-91.6%) in
trial one, although it was lower in E. radiata samples. Similarly, A. compressa at the
start of the trial and when fed on E. radiata had lower PL than amphipods fed on H.
ramentacea or P. sinuosa, which showed an increase in PL over the course of the trial

(Table 5.7). Free fatty acid levels (FFA) were very high in all samples due to the sample
preparation (samples were dried at 60°C, section 5.2). Sterols (ST) were low in all plant
and amphipod samples. Allorchestes compressa fed on H ramentacea or P. sinuosa
increased slightly in ST compared to the start of the trial, while those fed on E. radiata
decreased slightly. Triacylglycerols (TAG) and hydrocarbons/wax esters (HC/WE) were
either absent or present only in small quantities (< 5%) in all plant and animal samples,
except for E. radiata at week 0. Amphipods at the start of trial one had high levels of
HC/WE (11.6%), with decreased levels in A. compressa fed on H ramentacea, E.
radiata or P. sinuosa (Table 5.7). Diacylglycerols (DG) were either absent or present at

very low levels in all samples for trial one.
In trial two, lipid content was higher in Sargassum sp. at week 0 and 3 and
decomposed Ecklonia radiata at week 0 than in other plants (Table 5.7). Lipid content
decreased from the start of trial two for Allorchestes compressa f~d on decomposed
Posidonia sinuosa, and increased in amphipods fed on decomposed E. radiata or
Sargassum sp .. PL was again the major lipid class for all plant samples (54.3-93.1 %) in

trial two, with lower levels in decomposed E. radiata samples. Similarly, A. compressa
fed on decomposed E. radiata or Sargassum sp. had lower PL than amphipods at the
start of the trial or those fed on decomposed P. sinuosa (Table 5.7). ST were moderate
(5.1-8.0%) in all plant samples, and increased in A. compressa fed on decomposed P.
sinuosa, but decreased slightly for those fed on decomposed E. radiata or Sargassum

sp. TAG were either absent or present only in small quantities (< 2%) in all plant
samples, however TAG levels increased over the trial (0.6%) for amphipods fed
Sargassum sp. (4.5%) or decomposed E. radiata (12.6%) (Table 5.7). HC/WE were

either absent or present at low levels (<1 %) in all plant samples, and increased over the
course of the trial for A. compressa fed on Sargassum sp. or decomposed E. radiata, yet
decreased for those fed on decomposed P. sinuosa (Table 5.7). DG was present at very
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low levels in Sargassum sp. at week 0 and was present at low levels in A. compressa for
each diet, despite being absent in amphipods at the start of trial two.

Table 5.7: Lipid class composition (percent of total lipid) and content (mg/g) ofmacrophyte and
amphipod samples from feeding trials one and two. Samples were collected at week 0 (start) and
week 3 (end of experiment).

Sample
Trial 1
H. ramentacea
H ramentacea
E. radiata
E. radiata
P. sinuosa
P. sinuosa

Week Totallipid

PL

FFA

ST

TAG

HC/WE

DG

0
3
0
3
0
3

(mg/g)
7.9
1.3
2.3
3.9
12.9
6.5

89.5
78.5
69.9
71.6
91.6
88.6

6.8
20.4
13.0.
22.9
6.2
6.6

0.9
1.2
3.6
2.3
0.6
2.5

2.3
0.0
8.7
3.2
0.4
1.3

0.4
0.0
4.9
0.0
0.6
1.0

0.0
0.0
0.0
0.0
0.7
0.0

0
3
3
3

44.3
17.4
25.3
18.6

66.0
79.3
61.2
77.4

18.2
13.9
35.6
13.0

3.5
5.4
1.5
4.8

0.0
0.3
0.0
0.0

11.6
1.2
1.3
3.8

0.7
0.0
0.4
1.0

Trial2
Sargassum sp.
Sargassum sp.
dE. radiata
dE. radiata
dP. sinuosa
dP. sinuosa

0
3
0
3
0
3

17.0
18.0
13.3
4.5
2.6
0.7

84.5
80.0
54.3
64.4
93.1
90.9

3.7
13.4
34.9
27.3
1.8
4.0

8.0
6.2
8.0
6.9
5.1
5.1

1.3
0.0
2.0
0.6
0.0
0.0

0.7
0.3
0.9
0.7
0.0
0.0

1.8
0.0
0.0
0.0
0.0
0.0

Amphipods (initial)
Amphipods (Sargassum sp.)
Amphipods (dE. radiata)
Amphipods (dP. sinuosa)

0
3
3
3

20.6
23.1
28.5
13.3

85.1
67.7
53.4
83.2

6.8
20.9
19.9
7.0

4.3
2.0
2.2
7.3

0.6
4.5
12.6
0.0

3.2
4.0
9.0
1.3

0.0
0.9
2.8
1.1

Amphipods
Amphipods
Amphipods
Amphipods

(initial)
(H ramentacea)
(E. radiata)
(P. sinuosa)

HC/WE =hydrocarbons & wax esters, TAG= triacylglycerols, FF A= free fatty acids, DG =
diacylglycerols, ST =sterols, PL =polar lipids. d =decomposed plant material.

5.4 Discussion

5. 4.1 Stable isotopes

Allorchestes compressa showed highly variable

o13 C fractionation levels across

the different types of macrophyte (i.e. seagrass, brown algae and red algae), on which
they were fed. Decomposition of the plant source did not appear to influence the levels
of 13 C fractionation, which were approximately -2, -3.5, -4 and -10%o for Sargassum sp.,
red algae, fresh aud decomposed Ecklonia radiata and seagrass, respectively.
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Regardless of the plant type (food source), the results of this study, which has shown
depletion of Be, contrast with the assumption that there is either no fractionation or an
average enrichment of up to + 1%o between diet and consumer for oBC (DeNiro and
Epstein 1978; Peterson and Fry 1987). Slight depletion in Be occurred for two species
of marine amphipods (average -0.7%o) relative to their diet (Macko et al. 1982), while
greater depletion of up to -7.4%o was found for two mysid species fed controlled diets
(1999). In the case of the mysid, the authors attributed the depletion to the muscle tissue

shifting towards the diet, but not reaching carbon isotopic equilibrium, while the mysid
exoskeleton reached apparent equilibrium within two to three weeks.
Depletion in Be of Allorchestes compressa is difficult to explain, particularly
the large depletion in Be when fed on the seagrass Posidonia sinuosa. This could be
due to the amphipods not consuming the plant material. However, this is unlikely since,
during the food deprivation experiment, there was no indication of substantial changes
in oBC of A. compressa, which is similar to the limited effects of starvation on oBC
values in other studies (Frazer et al. 1997; Herzka and Holt 2000). Furthermore,
starvation would not explain the depletion of Be in amphipods fed on the brown alga.
Ecklonia radiata, as feeding preference experiments showed that A. compressa
consumes large quantities of these algae (Chapter 3). The depletion in Be could reflect
the length of time that the experiment ran, with amphipods not reaching isotopic
equilibrium with their new food source within the three-week period of the experiments.
However, this is unlikely given that A. compressa fed on P.

sinuos~

appeared to have

reached their new carbon isotopic equilibrium between two and three weeks. In
addition, the oBC values of amphipods fed on E. radiata and Hypnea ramentacea did
not alter significantly during the duration of the trial, indicating that they already had
similar o 13 C values as amphipods from the start of trial one. Similarly, A. compressa fed
on decomposed P. sinuosa and E. radiata and Sargassum sp. did not alter significantly
during the duration of trial two, which may be due to these amphipods starting with a
oBC value closer to their diet (i.e. enriched in BC). Rapidly growing animals are
thought to quickly reflect the isotopic composition of a new diet, which for brown
shrimp larvae was within 23 days (Fry and Arnold 1982). A 75% shift in bulk 13 C was
shown by collembola after 5.6 days (Chamberlain et al. 2004) and after six days in
ladybirds (Ostrom et al. 1997). In contrast, larval krill were still approaching the
isotopic composition oftheir diet after 10 weeks (Frazer et al. 1997) andmysids after 12
weeks (Gorokhova an:d Hansson 1999).
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Allorchestes compressa could also selectively assimilate certain parts of the
plant material that are more depleted in 13 C than the plant's bulk isotope ratio. Different
compounds have distinct

o13 C

values, which could lead to variation in

o13 C

in

consumers if differentially assimilated (Chamberlain et al. 2004). Many marine
invertebrates have poor ability to digest and utilise. structural carbohydrates, such as
cellulose and alginic acid, which comprise the bulk of detrital material (Kristensen
1972; Zimmer et al. 2002), although some talitrid amphipods are thought to be able to
digest carbohydrates, including complex polysaccharides (Johnston et al. 2005). Plants
contain a high proportion of cellulose which can differ in isotopic ratio from the rest of
the plant, and may cause a shift in

o13 C from diet to

consumer if there is differential

digestion of plants by consumers (McCutchan Jr et al. 2003). However, this is unlikely
to explain the depletion of

o13 C

in A. compressa during the experiment since the

cellulose carbon isotope ratio of brown algae and seagrass was approximately within
± 1%o of the bulk

o13 C value (K. Cra~ley, unpub. data), similar to cellulose o13 C ratios

in terrestrial plant foliage (Cullen and MacFarlane 2005). Aquatic plants can show large
isotopic variation between monosaccharides, lipids and bulk material in
(van Dongen et al. 2002). Since monosaccharides can be enriched in

13

13

C content

C by up to 9%o

compared to bulk material, and l-16%o relative to lipids, selective assimilation of
carbohydrates could lead to enrichment of consumers (van Dongen et al. 2002). The
depletion of 13 C in this amphipod in this study could therefore be due to preferential
feeding or differential assimilation of compounds that are more depleted in

13

C, such as

lipids, relative to bulk material.
The

o15N of Allorchestes compressa was either enriched or depleted compared

to their diets, with fractionation values of approximately -1, +1 and +3%o for red algae,
brown algae and seagrass, respectively. Amphipods fed on fresh or decomposed
seagrass did not show a significant change in

o15N

values over the length of the

experiment, indicating that amphipods from the start of each trial were at similar
levels as those fed on Posidonia sinuosa. The changes in

15

N

o15N values of A. compressa

are unlikely to be due to amphipods not consuming the macrophytes, since there was
very little change in
low fractionation in

o15N of amphipods during the food deprivation experiment.
15

The

N for A. compressa fed on algae contrasts with assumptions of

average fractionation +3-5%o between diet and consumer for

o15N (DeNiro and Epstein

1981; Minagawa and Wada 1984). However, variability in nitrogen fractionation can be
substantial (Adams and Stemer 2000; Vanderklift and Ponsard 2003) and can be lower
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(+2%o) than this broad range in herbivores (McCutchan Jr et al. 2003). Analysis of
previous laboratory studies has shown 15N enrichment to be lower for detritivores than
for other diets and for crustaceans compared with other taxa, which could be due to the
fact that crustaceans excrete ammonia (Vanderklift and Ponsard 2003). Previous
laboratory experiments have shown trophic fractionation can be variable and species
specific (DeNiro and Epstein 1981; Macko et al. 1982; Gorokhova and Hansson 1999;
Ruess et al. 2004). Amphipods fed on decomposed E. radiata or P. sinuosa had slightly
lower 15N enrichment values than those fed on fresh macrophytes. This suggests that the .
freshness of their food source has only a small influence on nitrogen assimilation for A.
compressa. Nitrogen isotope ratios of two marine amphipod species showed a strong
species effect of either depletion or enrichment relative to their diet (Macko et al. 1982).
Ruess et al. (2004) found enrichment, depletion or no change in

15

N of consumers

relative to their diet in below-ground systems, possibly due to differences in the quality
and type of food, or the metabolism and physiology of the consumer. Adams and
Stemer (2000) found anomopod crustaceans showed the greatest nitrogen enrichment
when fed N-deficient algae, demonstrating the high degree of variability in
when fed on diets of varying nitrogen content.

o15N

o15N values

enrichment has been shown to

increase significantly with the C:N ratio of the diet, suggesting that better food quality
(i.e. with lower C:N) tends to be related with lower

15

N enrichment (Vanderklift and

Ponsard 2003). This could also explain why A. compressa fed on seagrass, which has
high C:N ratios (see Valentine and Duffy 2005), showed higher

15

N enrichment than

amphipods fed on macroalgae.
5.4.2 Lipids

Fatty acid profiles of Allorchestes compressa showed some variations based on
diet, indicating the incorporation of dietary fatty acids into their tissue. The proportion
of some fatty acids in the diet affected their amounts in the fatty acid profile of the
consumer. In A. compressa fed on seagrass (fresh Posidonia sinuosa), 18:2w6 was
dominant while those amphipods fed on red algae showed an increase in 20:4w6. In
comparison, A. compressa fed on brown algae generally had higher levels of 16:0 and
16:1w7c, while 18:1w9c was dominant in those amphipods fed on fresh and
decomposed Ecklonia radiata. Eicosapentaenoic acid (20:5w3, EPA), Arachidonic acid
(20:4w6, ARA) and docosahexaenoic acid (22:6w3, DHA) are considered essential fatty
acids (EFA) for the nutrition of crustaceans and it is thought that they must be obtained
from the diet sirice they cannot be produced de novo (Kanazawa et al. 1979; Sargent and
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Whittle 1981; Graeve et al. 2001; Morais et al. 2002). EPA and DHA levels were minor
components of the fatty acid profile for all diets. ARA, which is thought to originate in
benthic algae (Graeve et al. 2001), was higher in A. compressa fed on Hypnea
ramentacea, suggesting that this alga could potentially be an important source of this
EFA for A. compressa. Both EPA and ARA remained at similar levels for A. compressa
fed on fresh or decomposed seagrass compared to amphipods at the start of each trial,
despite the absence of both of these EFA in fresh and decomposed P. sinuosa,
suggesting that P. sinuosa could be an important source of the precursor of ARA
(18:2w6). It is also possible that A. compressa fed on these diets could be selectively
depleting non-essential EFA (such as SFA and MUFA), with the resultant preserving of
EFA, similar to what has been observed in other crustacean species (Jeffs et al. 2002).
The higher lipid contents in Allorchestes compressa fed on Sargassum sp. or
decomposed Ecklonia radiata, suggest a greater nutritional importance of these plants
for the consumer. PL, which are mainly membrane structurallipids (Virtue 1995), were
generally found to be at lower levels in amphipods fed on brown algae (Sargassum sp.
or fresh and decomposed E. radiata). TAG, which were generally common in marine
organisms and functions as an important short term energy reserve (Virtue 1995;
Phleger et al. 2001), was high (12.6%) in amphipods fed on decomposed E. radiata,
suggesting the importance of this food source for A. compressa. The low TAG levels in
A. compressa fed on other diets are likely to reflect the low dietary TAG levels of those
diets (i.e. seagrass and red algae). HCIWE, which are more long-tyrm energy reserves
(Phleger et al. 2002), were only elevated in amphipods at the start of the first feeding
trial, suggesting that A. compressa were not storing lipid during the feeding trial.
Differences in the lipid content and levels ofPL and TAG could potentially be useful as
indicators of food sources and dietary nutritional value for A. compressa.
Results of the study show that fractionation levels of carbon and nitrogen stable
isotopes in Allorchestes compressa can vary considerably depending on their food
source (i.e. seagrass and brown and red algae), indicating that measurement of
fractionation is critical for interpreting stable isotope data. Signature fatty acid profiles
of A. compressa varied with diet, indicating the incorporation of dietary fatty acids into
their tissue, with 18:2w6, 20:4w6 and 18: 1w9c good indicators of diet, and to a lesser
extent 18:0, 16:0 and 16:1w7c. There were small variations in the lipid class profile of
A. compressa for different types of diets, with total lipid content and levels of
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triacylglycerols (TAG) and phospholipids (PL) potentially useful m providing
information on food sources for A. compressa.
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CHAPTER 6 -TRACING FOOD SOURCES IN SURF ZONE
ENVIRONMENTS DOMINATED BY DETACHED
MACROPHYTES USING MULTIPLE STABLE ISOTOPES AND
LIPID AND FATTY ACID PROFILES

Abstract

Detached macrophytes that accumulate in the surf zone are commonly called wrack and
often comprise a mixture of seagrass and macroalgae. Determining the relative
contribution of different macrophytes is an important part of constructing the food webs
of these ecosystems. The amphipod Allorchestes compressa is the dominant
macroinvertebrate in surf zone wrack accumulations in south-western Australia, and is
one of the main prey of juvenile fish in these habitats. The present study assessed the
ability to trace sources of production in this environment using multiple stable isotopes
(6 13 C, 615N and 634 S) and fatty acid and lipid class profiles, and subsequently
determined the main food source(s) for A. compressa, and two key predatory fish
species. 6 13 C showed clear separation between macroalgae and seagrasses, with
seagrass more enriched in 613 C than macroalgae, but did not differentiate between
different types of macroalgae. However, this discrimination was reduced when known
fractionation levels were applied, with the result that mixing model analysis based on
613 C values indicated that either brown algae or seagrass ranked high as likely carbon
sources for A. compressa. This ranking was site dependent. 6 15N showed little
separation of macrophyte groups, but values for amphipods were higher than those of
primary producers, and those of fish were higher than those of amphipods. 634S
displayed little differentiation between different types of producers and consumers.
While lipid classes did not differentiate between producer groups, fatty acid profiles
were distinct in different plant types, i.e. brown, red and green algae and seagrasses.
The fatty acid composition of the first-order consumer A. compressa was most similar
to that of brown algae. Fatty acid composition clarified ambiguous results from stable
isotope analyses. The combined stable isotope and fatty acid analyses suggest that
brown algae make a greater contribution to the nearshore food web in south-western
Australia than other types of benthic primary producers.
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6.1 Introduction

Stable isotopes, and lipids to a lesser extent, have been used increasingly to
determine sources of production and food chain linkages in marine and estuarine
environments (e.g. Peterson and Howarth 1987; Canuel et al. 1995; Phleger et al. 1998;
Kharlamenko et al. 2001; Moncreiff and Sullivan 2001; Saito et al. 2002; Cook et al.
2004). Analysis of ratios of naturally occurring stable isotopes differentiates between
food that is assimilated over that which is merely ingested (Peterson and Fry 1987;
Connolly et al. 2004). This approach provides a greater understanding of the trophic
links in food webs compared to the traditional approach of dietary analyses. However,
the effectiveness of stable isotopes as a tool for constructing trophic links depends on
sources of nutrients, usually the primary producers, having distinct stable isotope
signatures (Ostrom et al. 1997; Webb et al. 1998). The lack of such clear differences
between sources often leads to ambiguous results leading to an inability to provide clear
conclusions (e.g. Boon et al. 1997; Lepoint et al. 2000; Dunton 2001; Adin and Riera
2003; Hyndes and Lavery 2005). The use of multiple element isotope ratios (e.g.
carbon, nitrogen and sulfur) may help to overcome this issue by providing greater
delineation between multiple source inputs (Peterson and Howarth 1987; Michener and
Schell 1994; Peterson 1999; Moncreiff and Sullivan 2001; Connolly et al. 2004).
Regardless of the isotope used, the interpretation of stable isotope data for food web
analysis requires an understanding of the fractionation between trophic steps (Fry and
Sherr 1984; McCutchan Jr et al. 2003).
In addition to stable isotopes, lipid biomarkers, such as fatty acids, can be used
to examine trophic interactions and the movement of energy through food chains
(Phleger et al. 1998; Wilson et al. 2001). Lipids are important energy reserves and
components of cell membranes (Virtue 1995; Phleger et al. 1998). Lipids, especially
essential polyunsaturated fatty acids, are required for animal nutrition, particularly for
growth and reproduction (Pond et al. 1995; Phleger et al. 2001). Consumers can derive
their lipid requirements directly from their diet, or synthesise lipids from dietary
precursors (Pond et al. 1995). The fatty acid pattern of an animal may reflect that of its
diet, since dietary fatty acids can be absorbed and incorporated into body tissue without
modification (Ruess et al. 2004). Both stable isotope ratios and lipid biomarkers may
have advantages over conventional methods used in feeding studies, as they reflect the
long-term feeding behaviour of animals (Graeve et al. 2001; Oelbermann and Scheu
2002). Yet, relatively. few food web studies in the marine environment have used a
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combination of stable isotopes and lipids (Nichols et al. 1982; 1985; Kharlamenko et al.
2001; Cook et al. 2004). The combined use of both approaches may help to establish the
source(s) of production within a range of ecosystems, as well as examine ecological
linkages between different ecosystems, where secondary production in one location is
fuelled by primary producers transported from elsewhere.
Consumers in nearshore areas may rely on macroalgae or seagrass being
transported from offshore reefs or seagrass meadows (Robertson and Lucas 1983; Wells
and Keesing 1989; Kim 1992; Pennings et al. 2000). The import of these macrophytes
into surf zones, where they can accumulate, can substantially increase secondary
production in those areas (Robertson and Lucas 1983; Robertson and Lenanton 1984).
Thus, this material can provide a trophic link between coastal ecosystems. However, in
order to provide a clear understanding of the trophic linkages in coastal systems where
different types of macrophytes accumulate in surf zones, there is a need to understand
the main source(s) of production. In south-western Australia, it is estimated that up to
25% of the annual primary production of macroalgae and seagrass from offshore
regions detach and pass through nearshore areas (Robertson and Lucas 1983), where it
is an important food source for the amp hipod Allorchestes compressa and habitat for the
juveniles of a range of fish species (Lenanton et al. 1982; Robertson and Lenanton
1984, Chapter 4). The amphipods in turn provide food for a range of fish species
(Lenanton et al. 1982; Robertson and Lenanton 1984, Chapter 4).
The aim of this study was to use a combination of multiple stable isotope
analyses (6 13 C, 6 15N and 634S) and lipids, particularly fatty acid composition, to
establish which benthic primary producers provide the major source(s) of energy and
nutrition for Allorchestes compressa, and in turn fish, within detached macrophyte
(wrack) accumulations in south-western Australia. Since the contribution of different
types of detached macrophytes to the nearshore food web in the region has not been
clearly resolved using stable isotopes alone (Hyndes and Lavery 2005), the use of lipids
could help distinguish between sources that were otherwise ambiguous. A primary aim
was therefore to assess whether lipid biomarkers (lipid classes and fatty acids) provide
an alternative and/or complementary approach to stable. isotopes in differentiating
between marine primary producers for use in marine food-web studies. In doing so,
interpretations of stable isotope analyses have used fractionation levels of 13 C and

15

N

established for A. compressa in Chapter 5.
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6.2 Materials and Methods
6.2.1 Field locations and sample collection
Detached

macrophytes,

amphipods

(Allorchestes

compressa)

and

fish

(Cnidoglanis macrocephalus and Pelsartia humeralis) were collected at three sites
along the lower west coast of Australia at Two Rocks, Hillarys and Shoalwater Bay in
the austral winter of 2004 (Figure 2.1 ). Detached macrophytes included the macroalgae
Ecklonia radiata and Sargassum sp. (Phaeophyta); Hypnea ramentacea and Laurencia
filiformis (Rhodophyta); Ulva lactuca and Codium duthiae (Chlorophyta) and
seagrasses Posidonia sinuosa and Amphibolis griffthii (Magnoliophyta). These
macrophytes were collected from fresh accumulations of detached macrophytes at each
site. Where possible, five replicates of each macrophyte species were collected. At Two
Rocks, only senesced P. sinuosa was present to collect during sampling.

Since

specimens of the genus Sargassum could not be identified to species due to the lack of
reproductive structures, they are referred to by their genus name.
Amphipods were collected at each site from within surf-zone wrack using a 153
!liD plankton net scooped through the wrack on three different occasions (replicates),

approximately two weeks apart during winter 2004. Amphipods, identified as
Allorchestes compressa, were later removed from the wrack in the laboratory using a
light microscope. Due to the small size of the amphipods, approximately 150-200
amphipods from each occasion were pooled in a single sample to provide sufficient
material for analyses, so there were three temporally separated replicates.
Fish were collected from within surf zone wrack accumulations at each site
using a 21.5 m seine net (9 mm wing mesh and 6 mm bunt mesh). Where possible, five
individuals of juvenile Cnidoglanis macrocephalus and Pelsartia humeralis were
collected at each site and processed in the laboratory. Juveniles of both species were
collected since fish assemblages in surf-zone wrack in this region primarily comprise
juveniles (Chapter 4).
6.2.2 Sample preparation and analyses
Macrophyte samples were scraped using a razor blade to remove epiphytes when
necessary and stored frozen at -20°C. Amphipods were kept in filtered seawater
overnight to clear their gut contents before being frozen to euthanase them. Dorsal
muscle_ tissue was· dissected from the side of each fish. All samples were rinsed in
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deionised water, dried at 60°C for 48 hours, homogenised by grinding in a ball-mill for
2-3 minutes until they were a fine powder, and weighed into tin capsules (Elemental
Microanalysis, UK).
The 813 C and 815 N isotope values of plant, amphipod and fish samples were
determined at Edith Cowan University using an ANCA-NT interfaced with a 20-20
isotope ratio mass spectrometer (Europa Scientific, Crewe, UK). 813 C and

o15N isotope

signatures of the plant and animal samples were determined by comparison with either a
plant or fish working laboratory reference material, which had been previously
calibrated against standard IAEA or NIST reference materials with a precision of
<O.l%o. All 813 C and 815 N results, expressed using the per mil (%o) notation, are
traceable to the internationally accepted Vienna Peedee Belemnite (V-PDB) or Ambient
Inhalable Reservoir (AIR) scales. Prior to analysis, sub-samples of amphipods were acid
treated using 1NHC1 until the samplo ceased to effervesce, indicating that the carbonate
had been removed (Boutton 1991). Acidified amphipod samples were analysed for 813 C
and the untreated portion analysed separately for 815N. 634 S was determined by !soAnalytical (UK) using EA-IRMS. The samples were weighed into tin capsules and
vanadium pentoxide added as a catalyst before sealing. The isotopic signature of the
samples was determined by monitoring m/z 48, 49 and 50 of so+ produced from S02 in
the ion source and comparing it to NBS-127 (barium sulfate, d-34SV-CDT

=

+20.3 %o)

reference material distributed by the IAEA, Vienna. All results are traceable to ViennaCanyon Diablo Troilite (V-CDT). Due to the higher cost, three of the five replicate
samples for each species were randomly selected for sulfur isotope analysis.
For lipid analyses, three replicate samples for each plant and animal species
from each site were pooled to give a single sample of approximately 25 mg total dry
weight, due to the time required and processing expenses associated with this analysis.
Samples were extracted quantitatively by a single-phase chloroform/methanoVwater
method (Bligh and Dyer 1959) modified by substituting dichloromethane for the
chloroform.

The

sample

was

added

to

50

ml

of

a

dichloromethane/methanoVwater extraction solution, to which 20 111 of

3:6:1

v/v/v

5~(H)-cholan-

24-ol (Chiron AS, Norway) was added as an internal standard. The extraction mixture
was shaken and then sonicated for 10 minutes. The extract was transferred to a
separating funnel, then 15 ml of dichloromethane followed by 15 ml water were added
and the mixture allowed to stand for phase separation. The lipids were recovered in the
lower dichlorometharie layer. The solvents were then removed under vacuum using
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rotary evaporation at 40°C. All samples were diluted to 1 ml with dichloromethane, and
40% of the total solvent extract (TE) retained for lipid class analysis. The remaining
60% of the TE was transferred to a screw cap glass vial, sealed under nitrogen (BOC
Gases, Australia; ultra high purity) and stored at 4°C until further processing.
A portion of the total lipid extract (TE) was analysed to determine lipid class
composition and abundance using an Iatroscan MK V TRIO TLC-FID analyser
(Volk:nlan and Nichols 1991). Each sample was applied to silica gel SII chromarods
using 1 )ll disposable micropipettes. Chromarods were then developed in a glass tank
lined with pre-extracted filter paper for 25 minutes. The solvent system used for lipid
separation was hexane, ether and acetic acid (60:18:0.1 v/v/v) for resolving
triacylglycerols, hydrocarbons, free fatty acids, sterols and polar lipids (Volkman and
Nichols 1991).

After development, chromarods were oven-dried at 100°C for 10

minutes and analysed immediately.· The flame ionization detector (FID) was calibrated
for each lipid class using external standards, with separate calibration curves used for
each lipid class.

The peaks were quantitated using DAPA software (Kalamunda,

Western Australia).
The remaining TE (60%) was evaporated under a stream of nitrogen and the
total unsaponifiable neutral lipid fraction was obtained by adding 3 ml 5% potassium
hydroxide (BDH Laboratory Supplies, UK; AnalaR) in 80:20 methanol/water. The
sample was sealed under nitrogen and placed in a heating block at 80°C for 2 h. After
heating, the solution was allowed to cool before 3 ml water and 3 ml 4:1
hexane/dichloromethane (both Mallinkrodt Laboratory Chemicals; Nanograde) were
added. The solution was then centrifuged at 2000 rpm for two minutes to assist
separation. The top solvent layer contained the unsaponifiable lipids (i.e. hydrocarbons,
sterols, etc.) and the bottom aqueous layer contained the fatty and bile acids. The top
layer was transferred by pipette to a sample vial and evaporated under nitrogen.
Unsaponifiable lipids were converted to their corresponding 0-TMSi ethers by
dissolving in bis(trimethylsilyl)trifluoroacetamide (BSTFA, 100 11L, 60°C, 60 min.)
(Alltech Associates Inc., USA; 99% + 1% TCMS).
The bottom layer containing the fatty and bile acids was acidified by adding 500
]tl of concentrated HCl and then extracted with hexane/dichloromethane as described
above. The solution was then centrifuged at 2000 rpm for two minutes to assist
separation. The eitract was then treated with methanol-hydrochloric acid-chloroform
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(10: 1:1 vlvlv) solution and placed in a heating block at 80°C for 2 h. After heating, the
solution was allowed to cool before 3 ml water and 3 ml 4:1 hexaneldichloromethane
(both Mallinkrodt Laboratory Chemicals; Nanograde) were added. The solution was
then centrifuged at 2000 rpm for two minutes to assist separation. The top layer,
containing fatty acid methyl esters (FAME), was transferred by pipette to a sample vial
and evaporated under nitrogen.
Gas chromatography (GC) was performed using a Varian 3800 chromatograph
equipped with FID detector and SPI programmable injector. The gas chromatograph
was equipped with a 50 m x 0.32 mm i.d. cross-linked 5% phenyl-methyl silicone (HP5
ultra 2) fused-silica capillary column, with helium as the carrier gas. Samples were
injected with the oven temperature at 45°C for 1 minute, after which the oven
temperature was raised at 30T I min to 140°C and then at 3°C I min to 300°C where the
oven temperature was held for 5 min for fatty acid analysis. The SPI injector and the
detector were both held at 310°C. Prior to analysing the FAME by GC, C23:0
tricosanoic fatty acid methyl ester was added as an internal injection standard to
quantitate fatty acid compounds. Peak identifications were based on comparison of
retention times with authentic and laboratory standards and subsequent gas
chromatographic-mass spectrometric (GCMS) analysis. Data was acquired and peak
area quantified using Varian Galaxie chromatography software.
Verification of the identity of individual non-saponified neutral lipids and fatty
acids detected by GC analysis was performed on a Thermoquest/Finnigan GCQ-Plus
benchtop mass spectrometer fitted with a direct capillary inlet and an on-column
injector. Samples were injected using an AS2000 auto sampler, with the non polar
column (HP5) and operating conditions similar to those described above for GC-FID
analyses, with helium also used as the carrier gas.

Data were acquired in scan

acquisition mode and processed using Xcalibur software.

The detection limit was

:==lOng.
6.2.3 Data analysis
For each site, the mean

o13 C, o15N

and

o34 S values were

calculated for each

broad type of macrophyte, i.e brown, red and green algae and seagrass, amphipods and
fish. For each type of macrophyte, one-way ANOVAs were used to test whether there
were significant differences in the carbon or nitrogen stable isotope signatures between
species at each site (Table 6.2, section 6.3). Species within each macrophyte type were
100

pooled to provide isotope values for brown and red algae and seagrass, which were
subsequently used in the mixing model Isosource (Phillips and Gregg 2003) to estimate
the potential contribution of the different types of wrack macrophytes to the first order
consumer Allorchestes compressa. Green algae were excluded from the analysis as they
are a very small component of wrack in the study region (< 2% by biomass, Chapter 2)
and therefore unlikely to make a contribution to the diet of A. compressa.

The

frequency and range of the possible contribution (0 - 100%) of different types of
macrophytes at increments of 1% were det_ermined. The

o13 C values of each potential

source (i.e. macrophyte type) were adjusted based on the expected fractionation, using
data for A. compressa fed on diets of each food type in the laboratory (Chapter 5). The
expected fractionations for seagrass, red algae and brown algae were -10, -3.5 and -3%o,
respectively (Chapter 5). Since the enrichment of o15N and

o34 S, in combination with

o13 C in the mixing model analyses did not generate feasible outcomes at any of the sites,
or o13 C values at Shoalwater Bay, the mixing model analyses were restricted to o13 C
values for Two Rocks and Hillarys. The inability to generate outcomes occurred
because the consumer was outside a convex polygon bounded by all of the potential
sources (Phillips and Gregg 2003).
The fatty acids present in each species of macrophyte and consumer were
expressed as relative abundance of the total fatty acids (i.e. percentage of the total area
of fatty acids), excluding internal standard and contaminant peaks. Individual lipid
classes were expressed as the percentage of the total lipid cont,ent.

Multivariate

analyses were used initially to examine overall patterns in fatty acid and lipid class
composition of the different macrophyte taxa using Primer 5 (Clarke and Gorley 2001).
Fatty acid and lipid class data were ordinated using non-metric multi-dimensional
scaling (nMDS) to examine patterns in fatty acid and lipid class composition, based on
Bray-Curtis similarity matrix and using untransformed data. Since the focus was to
examine differences among the main macrophyte taxa, i.e. seagrass and brown, red and
green algae, one-way analysis of similarities (ANOSIM) was used to test for differences
in fatty acids among the macrophyte taxa rather than individual species. Similarity of
percentages (SIMPER) was used to determine which fatty acids were diagnostic for
each · macrophyte taxa. Where differences were detected in fatty acid or lipid
. composition, the above nMDS analyses were carried out for the different macrophyte
groups, but this.time the consumer species were included in the analyses. SIMPER was
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used to determine the degree of dissimilarity between macrophyte taxa and the first
order consumer, Allorchestes compressa.
6.3 Results
6.3.1 Stable isotopes

Across all three sites, the mean
macroalgae. The mean

o13 C

o13 C values were higher for seagrasses than for

values for seagrass ranged from -10.6 to -12.9%o for

Amphibolis griffithii and -6.9 to -9.6%o for Posidonia sinuosa (Table 6.1, Figure 6.1),

with decomposed P. sinuosa from Two Rocks the most enriched in

o13 C

(-6.9%o).

There was considerable overlap for the brown, red and green algal species, although
values for green algae were generally higher, ranging from -15.2 to -18%o for Ulva
lactuca and -13.2 to -16.3%o for Codium duthiae. There was overlap between the

brown alga Ecklonia radiata, whichhad

o13 C values between -19.3

and -20.1%o, and

the red algae Hypnea ramentacea and Laurencia jiliformis, whose values ranged
between 19.0 and 21.9%o. Sargassum sp. had consistently higher mean

o13 C values

(-15.6 to -17.8%o) than E. radiata and red algae (Table 6.1, Figure 6.1). Allorchestes

compressa had similar mean

o13 C values across all sites, where values ranged between

-19.7 and -21.6%o, which fell primarily within the range of brown and red algal species.

The

o13 C values

for the fish species, C. macrocephalus and P. humeralis (-17.1 to

-19.8%o), were similar to those of A. compressa.

At Two Rocks and Hillarys, macrophytes had similar mean 6 15N values within
the range of 2.6 to 9.3%o (Table 6.1, Figure 6.1). Ulva lactuca was generally higher in
15

N relative to other macrophytes. In general, macrophytes had lower mean o15N values

at Shoalwater Bay than at the other two sites (Table 6.1, Figure 6.1). The mean

o15N

values for Allorchestes compressa, which ranged from 6.8 to 9.9%o, were higher than all
primary producers, but lower than those of the two fish species, whose values ranged
from 11.4 to 14.5%o (Table 6.1, Figure 6.1 ). Similar to primary producers,

o15N values

for consumers were lowest at Shoalwater Bay.
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Table 6.1: Mean(± standard error)

o15N, o13 C and o34 S of fish,

amphipods and their potential

food source in detached macrophyte accumulations in south-western Australia.
for

A

= sample size

o13 C and o15N values. *=sample constitutes> 1 amphipod. Sample size for o34S is 3.

Taxa

Species

Two Rocks
Hillarys
Shoa1water Bay
Posidonia sinuosa
Two Rocks
Hillarys
Shoalwater Bay
Green algae Codium duthiae
Two Rocks
Hillarys
Shoalwater Bay
Two Rocks
Ulva lactuca
Hillarys
Shoalwater Bay
Hypnea ramentacea
Two Rocks
Red algae
Hillarys
Shoalwater Bay
Laurencia filiformis
Two Rocks
Hillarys
Shoalwater Bay
Brown algae Ecklonia radiata
Two Rocks
Hillarys
Shoalwater Bay
Sargassum sp.
Two Rocks
Hillarys
Shoalwater Bay
Amphipods Allorchestes compressa
Two Rocks
Hillarys
Shoalwater Bay
Cnidoglanis macrocephalus Two Rocks
Fish
Hillarys
Shoalwater Bay
Pelsartia humeralis
Two Rocks
Hillarys
Shoalwater Bay
Seagrass

Amphibolis griffithii

Site

Sample
Size"
5
5
4
5
5
5
3
2
3
3
3
3
4
5
5
5
5
5
5
5
4
5
5
3*
3*
3*
5
5
5
6
5
5

o13 C

olsN

o3 s

Mean 1SE Mean 1SE Mean 1SE
5.2 0.3 19.9 0.8
-12.9 0.6
-10.6 0.7
5.7 0.4 13.7 1.5
2.8 0.5 16.7 0.4
-11.3 0.7
4.6 0.2 17.2 1.2
-6.9 0.9
6.2 0.3 16.7 1.1
-9.6 0.5
-9.6 0.4
3.3 0.2 17.0 0.3
5.7 0.0
-13.2 1.5
-16.3 0.0
8.2 0.0
-13.6 2.4
5.0 0.5
-17.4 1.4
6.3 0.3 19.4 0.3
-15.2 1.3
9.3 0.4 18.4 0.3
-18.0 0.7
6.2 0.2 18.7 0.2
-20.9 1.5
6.0 0.3 20.3 0.2
-20.0 0.5
8.7 0.3 20.5 1.8
-19.1 1.0
4.8 0.2 17.0 0.3
-21.9 1.2
4.4 0.3 18.2 0.2
-19.0 1.0
7.0 0.2 17.8 0.2
-19.5 0.6
2.6 0.3 18.6 0.3
-20.0 1.1
6.4 0.5 19.5 0.5
-20.1 1.0
7.2 0.6 19.0 0.5
-19.3 0.7
4.6 0.3 19.5 0.3
-17.4 2.4
5.9 0.8 20.2 0.3
-17.8 1.2
6.7 0.8 19.4 0.4
-15.6 0.9
5.7 0.7 19.4 0.5
-21.6 0.9
7.5 0.1 16.0 1.1
-20.7 1.1
9.9 0.1 18.1 1.0
-19.7 0.3
6.8 0.2 18.9 0.6
-19.8 0.2 13.2 0.1 15.1 0.7
-18.7 o:4 14.5 0.3 16.2 0.8
11.4 0.1 12.7 0.5
-17.1 0.1
12.6 0.2 16.2 0.2
-19.7 0.1
-18.7 0.3 14.2 0.2 17.1 0.5
-17.8 0.3 11.4 0.1 16.2 0.5
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Figure 6.1: Mean o15N and o13 C ofprimary producers, amphipods and fish at (a) Two Rocks, (b)
Hillarys and (c) Shoalwater Bay in south-western Australia. For standard errors see Table 1.

Primary producers had mean 634 S values ranging from 16.7 to 20.5%o, except for
Amphibolis griffithii from Hillarys, which was lower in 34 S (13.7%o) (Table 6.1, Figure
.

34

6.2). () S values for seagrass species were generally lower (<17.2%o) than macroalgae

species (17.0 - 20.5%o), except for A. griffithii from Two Rocks (19.9%o). Mean 634 S
values for Allorchestes compressa ranged from 16.0 to 18.9%o, which were within the
range of most primary producers (Table 6.1, Figure 6.2).

Both Cnidoglanis
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o34S values from all sites,
o34S values for seagrass.
lower mean o34 S value of

macrocephalus and Pelsartia humeralis generally had similar

ranging from 15.1 to 17.1 %o, which were similar to
Cnidoglanis macrocephalus from Shoalwater Bay had a

12.7%o (Table 6.1, Figure 6.2).
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For species within each macrophyte taxon, one-way ANOVAs revealed that
there were no significant differences in o13 C values between species, except for seagrass
from Two Rocks (Table 6.2).

Similarly for o15N values, there was no significant

difference between species, except for red algae at Shoalwater Bay (Table 6.2). Species
within each macrophyte taxon at each site were grouped together to provide an average
isotopic value, since there was largely no significant difference in isotope values
between species, and the grouping together of different species within each macrophyte
taxon makes logical sense in order to reduce the number of sources and generate more
interpretable mixing model results (Phillips et al. 2005). Mixing model results indicated
that, at Two Rocks, brown algae, then seagrass ranked highly in terms of the
contribution of o 13 C to Allorchestes compressa (Figure 6.3). In contrast, seagrass ranked
highly at Hillarys, with brown algae less likely to be an important carbon source (Figure
6.3). At both sites, red algae provided a smaller potential contribution to A. compressa.

Table 6.2: Results of one-way ANOVAs for

13

C and 15N for different macrophyte taxa at three

sites in south-western Australia. Bold type indicates significance based on bonferroni correction
of P < 0.0027, *indicates accept at 0.001

Macrophyte taxa
Two Rocks
Brown algae
Red algae
Seagrass
Hillarys
Brown algae

Isotope df

13.23
1.80
7.42
0.48
2.75
0.35

o13 c
orsN

1
1
1*
1
1
1

6.52
2.20
3.29
0.31
2.07
0.71

2.004
0.269
0.781
20.511
1.319
1.040

0.195
0.618
0.406
0.003
0.284
0.338

1
1
1
1
1
1

3.34
1.39
3.31
0.43
1.13
0.59

10.307
1.914
0.126
27.965
5.541
0.760

0.012
0.204
0.732
0.001
0.051
0.412

Seagrass

o 13 c
orsN

Seagrass

P-value

1*
1
1
1
1
1

o13 c
orsN

Red (:llgae

F-ratio

o 13 C
orsN
o13 c
OISN
o 13 c
OISN

Red algae

Shoalwater Bay
Brown algae

MS

o 13 c
orsN
o13 c
orsN
o 13 c
orsN

1.121 . 0.325
0.618
0.272
0.616
0.279
0.019
10.039
32.350 <0.001
0.114
3.139
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Figure 6.3: Box-whisker plots representing the distribution of the feasible contributions of
different macrophyte types to Allorchestes compressa at Two Rocks and Hillarys based on o13 C
values (using -10%o, -3.5%o and -3%o diet-consumer fractionation for seagrass, red algae and
brown algae respectively). Plots show 1st (bottom of whisker), 50th (white box) and 99th
percentiles (top of box) and maximum values (top of whisker) of distributions.

6.3.2 Lipid classes

The ordination of lipid class data for macrophyte species did not show clear
separation of samples (Figure 6.4a). There was no pattern except for samples of
Sargassum sp., which formed a discrete group in the top right of the ordination plot and
Ulva lactuca, which formed a group in the centre of the plot (Figure 6.4a). One-way

ANOSIM of replicate samples for each plant type revealed that the lipid class
composition did not differ significantly among brown, red and green algae and seagrass
(Table 6.3).
Total lipid content for macrophyte spec1es ranged from 4.8 mg/g dw in E.
radiata to 8.8 mg/g dw in Sargassum sp. and Posidonia sinuosa, with the exception of
Laurencia filiformis, which contained higher lipid content (16.5 mg/g dw) relative to

other plant species (Table 6.4). Total lipid content of consumers was generally higher
than plants, with highest lipid content in A. compressa (50.6 mg/g dw), while Pelsartia
humeralis contained 19 mg/g dw and Cnidoglanis macrocephalus 16 mg/g dw lipid

content.
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Figure 6.4: Two-dimensional ordination of (a) lipid class and (b) fatty acid profiles for
macrophyte species and (c) fatty acid composition of macrophyte, amphipod and fish species
from three sites in south-western Australia.
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Table 6.3: R-statistic and significance values from one-way ANOSIM and pairwise comparisons
in fatty acid and lipid class composition for different plant taxa from the three study sites. Bold
type indicate terms for which P < 0.05. Sample size is six for all taxa, except green algae, which
is three.
Lipid class analysis
No. ofpermutations
Global R

R-statistic
999
-0.05

Fatty Acid analysis
No. of permutations
Global R

R-statistic
999
0.799

P= 0.001

green algae vs brown algae
green algae vs red algae
green algae vs seagrass
brown algae vs red algae
brown algae vs seagrass
red algae vs seagrass

0.969
0.944
0.444
0.844
0.667
0.689

P< 0.05
P<O.OS
P<O.OS
P< 0.01
P< 0.01
P< 0.01

P-value

P=0.702
P-value

Table 6.4: Total lipid concentration (mg/g dw) and percentage composition of major lipid
classes (mean± S.E.) for detached macrophytes, amphipods and fish collected from macrophyte
accumulations at three sites in south-western Australia. -indicates below detection.
Sample

Total lipid

Lipid Class" Percent Composition
PL
FFA
ST

TAG

HC/WE

DG

4.8 ± 1.3
8.8 ± 1.6

65.7 ± 6.2
86.4 ± 0.6

17.6±3.8
5.8 ± 0.7

7.7 ± 2.8
3.9 ± 1.3

7.5 ± 6.0
1.6 ± 6.6

1.4± 0.8
0.2 ± 0.1

2.2 ± 0.3

6.2±2.2
16.5 ± 1.3

93.2 ± 0.2
75.8 ± 3.4

2.8 ± 0.3
17.4±3.8

0.4 ± 0.2
2.5 ± 0.5

3.1 ± 1.0
3.8 ± 2.9

0.2 ± 0.2
0.7±0.6

6.1 ± 1.4

80.3 ± 0.4

9.7 ± 2.1

2.4± 0.9

6.4 ± 1.9

1.4± 0.6

8.8 ±4.2
8.2 ± 1.2

79.9 ± 11.2
71.1 ± 1.9

12.8 ± 9.8
20.6 ± 1.0

4.8 ±2.7
1.8 ± 0.6

1.9 ± 1.3
5.0 ± 3.4

0.6 ± 0.3
1.5 ± 0.5

50.6 ± 20.3

52.1 ± 1.6

7.5 ± 1.2

7.2 ± 0.5

28.1 ± 3.0

4.4 ± 1.0

16.1 ± 4.9
19 ± 2.4

83.7 ± 5.0
79.0 ± 3.6

8.2 ± 5.1
4.4 ± 0.5

5.2 ± 1.0
5.9 ± 0.1

2.5 ± 1.3
9.5 ± 3.1

0.4 ± 0.3
1.1 ± 0.1

Brown algae
E. radiata
Sargassum sp.

Red algae
H. ramentacea
L. filiform is

0.4 ± 0.4

Green algae
U lactuca

Seagrasses
P. sinuosa
A. griffithii

AmQhiQods
A. compressa

0.7 ± 0.7

Fish
C. macrocephalus
P. humeralis

"Definitions of lipid classes: HC/WE =hydrocarbons and wax esters, TAG= triacylglycerols, FFA =
free fatty acids, DG = diacylglycerols, ST =sterols, PL =polar lipids.
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Polar lipid (PL) was the major lipid class (LC) in both plant and animal samples,
with all macrophyte species having between 65 and 93% PL (Table 6.4). The highest
levels ofPL were inHypnea ramentacea (93.3%) andSargassum sp. (86.4%), while the
lowest levels were in Ecklonia radiata (65.7%).

For consumers, Allorchestes

compressa contained lower PL levels (52%), compared to both fish species, which
contained at least 79% PL. The next most abundant LC was free fatty acids (FF A),
which comprised 2-20% LC (Table 6.4). However, the drying temperature of the
samples (60°C) is likely to have resulted in increased FFA levels. Highest levels of FFA
were found in Amphibolis griffithii, E. radiata and Laurencia filiform is (> 17%), while
the lowest levels were in H. ramentacea and Sargassum sp. (< 6%). In comparison,
amphipods and fish contained 7.5 and 4.0-8.2% FFA, respectively. Sterols (ST) were
the third most abundant LC in macrophytes, except for Hypnea ramentacea and Ulva

lactuca (Table 6.4). Higher ST levels were present in brown algae (E. radiata and
Sargassum sp.) and Posidonia sinuosa in which they ranged between 3.9 and 7.7%
(Table 6.4). Allorchestes compressa contained 7% ST, while both fish species contained
about 5% ST.

Levels of triacylglycerols (TAG) varied between 1.6 and 7.5% for

macrophytes, with moderate levels (> 5%) in E. radiata, U lactuca and A. griffithii
(Table 6.4). Consumers generally contained higher levels of TAG relative to producers.

Allorchestes compressa contained very high levels (28%), while Pelsartia humeralis
and Cnidoglanis macrocephalus contained 9.5% and 2.5%, respectively (Table 6.4).
Hydrocarbons and wax esters (HC/WE) were present at low levels in all producers and
consumers (:S: 1.5%), except for amphipods with 4.4%. Diacylglycerols (DG) were
either absent or only present at relatively low levels(< 2.5%) in all species (Table 6.4).

6.3.3 Fatty acid composition
The ordination of fatty acid data for macrophyte species showed very clear
separation of samples into four broad taxonomic groups, i.e. brown, red and green algae
and seagrasses (Figure 6.4b ). Samples of the two brown algae, Ecklonia radiata and

Sargassum sp., formed a discrete group in the top centre of the ordination plot, while
those of the red algae Hypnea ramentacea and Laurencia filiformis formed a discrete
group to the right of the brown algae samples on the plot (Figure 6.4b). Samples of the
green alga Ulva lactuca formed a group in the bottom right of the plot. In comparison,
samples of the two seagrass species Amphibolis griffithii and Posidonia sinuosa
grouped together at the bottom left of the plot, except for the senesced sample of P.

sinuosa from Two Rocks, which was to the top right of the plot (Figure 6.4b).
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One-way ANOSIM of replicate samples for each plant type revealed that the
fatty acid composition differed among brown, red and green algae and seagrass (Table
6.3). Pair-wise comparisons showed that the fatty acid composition for each plant type
differed significantly from all other plant types (Table 6.3). The low R-statistic values
between seagrass and other plant types (Table 6.3) are likely to be associated with the
one strong outlier within the seagrass samples (Posidonia sinuosa from Two Rocks,
which was more decomposed than other seagrass samples).
SIMPER analysis of fatty acid composition for different plant taxa (i.e. brown,
red and green algae and seagrass) showed that green algae were distinguished from all
other macrophyte taxa by higher levels of 18:3w3, 18:lw7c, Cl6 PUFA and lower
levels of 18:lw9c (Tables 6.5 and 6.6). Green algae differed from brown or red algae by
having higher levels of 18 :2w6, and differed from red algae and seagrass by higher
levels of 18:4w3. Brown algae differed from all other macrophyte taxa by having higher
levels of 20:4w6 (Tables 6.5 and 6.6). Brown algae also differed from red algae by
higher levels of 18:2w6, and from green algae by higher levels of 18:lw9c. In
comparison to seagrass, brown algae contained higher levels of 14:0, 16:0 and 20:5w3.
Red algae differed from all other macrophyte taxa by having higher levels of 14:0
(Tables 6.5 and 6.6). Red algae also had higher levels of 16:0 compared to both brown
algae and seagrass, and higher levels of 18:lw7c and 18:lw9c than brown algae and
green algae, respectively. Seagrass was distinguished from all other macrophyte taxa by
higher levels of 18:0 and 18:2w6, and also differed from green algae by higher levels of
18:lw9c (Tables 6.5 and 6.6). There were also differences in the amounts of different
types of fatty acids, such as monounsaturated fatty acids (MUF A), polyunsaturated fatty
acids (PUF A) and saturated fatty acids (SF A), between macrophyte taxa (Table 6.6).
Green algae contained a lower level of MUFA (14.9%) and higher level (34.4%) of
PUFA than other macrophyte taxa (MUFA > 21.8%, PUFA < 26.5%), primarily due to
18:lw9c and 18:3w3, respectively. Brown algae contained a slightly higher percentage
of MUFA (28.5-37.8%) than other macrophyte taxa (14.9- 27.8%), primarily due to
18:lw9c. Red algae contained higher levels (67.2 - 69.9%) of SFA, primarily due to
16:0 and lower PUFA levels than other macrophyte taxa (SFA <50.8%, PUFA >11.9%).
Within each broad macrophyte taxon, i.e. brown and red algae and seagrass,
there were no 111ajor differences between species. The fatty acids of brown algae

(Ecklonia radiata and. Sargassum sp.) were similar in that they contained high levels
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(16.7-42.4%) of 16:0 and 18: 1w9c (with 18:3w3 coeluting as a mmor component),
moderate levels (4.8-11.1 %) of 16: 1w7c, 20:4w6 and 14:0 and lower levels(< 3.4%) of
18:0 and 18:2w6 (Table 6.6). The fatty acid compositions of the twci red algae species,
Hypnea ramentacea and Laurencia filiform is were very similar. Both species had high

levels of 16:0, 18:lw9c (with 18:3w3 coeluting as a.minor component) and 14:0, with
lower levels of 16:1w9c and 18:1w7 (Table 6.6). The seagrasses Amphibolis grif.fithii
and Posidonia sinuosa both had relatively high levels of 16:0, 18:1w9c (includes
18:3w3), 18:2w6, 18:0 and 16:0 fatty aldehyde (Table 6.6).

Table 6.5: Diagnostic fatty acids of different plant taxa determined by SIMPER using relative
abundance of fatty acids. Plant types in brackets show for which plant type fatty acid is
diagnostic. Fatty acids with ratio values
Plant types
Green vs brown algae

Green vs red algae

Green vs seagrass

Brown vs red algae

Brown algae vs seagrass

Red algae vs seagrass

Fatty acids
18:lw9c
18:3w3
18:1w7c
Cl6PUFA
16:1w7c
20:4w6
14:0
18:2w6
18:1 w9c
18:3w3
18:1w7c
14:0
C16 PUFA
18:4w3
18:2w6
18:1w9c
18:2w6
18:3w3
18:lw7c
Cl6 PUFA
18:0
18:4w3
16:0
20:4w6
14:0
18:1w7c
18:2w6
18:2w6
16:0
16:1w7c
20:4w6
18:0
14:0
20:5w3
16:0
18:2w6
14:0
18:0

~

2.0 are presented.
Dissimilarity ratio
4.5 (brown algae)
5.4 (green algae)
5. 7 (green algae)
3.3 (green algae)
2.9 (brown algae)
3 .2 (brown algae)
2.7 (brown algae)
3 .5 (green algae)
5.0 (red algae)
5 .4 (green algae)
4.3 (green algae)
2.5 (red algae)
3.3 (green algae)
2.2 (green algae)
3 .1 (green algae)
5.0 (seagrass)
2.4 (seagrass)
5.4 (green algae)
2.3 (green algae)
3.3 (green algae)
2.7 (seagrass)
2.2 (green algae)
2.9 (red algae)
2.1 (brown algae)
2.0 (red algae)
4.2 (red algae)
2.2 (brown algae)
2.2 (seagrass)
2.3 (brown algae)
2.9 (brown algae)
4.3 (brown algae)
2.2 (seagrass)
2.6 (brown algae)
2.1 (brown algae)
2.4 (red algae)
2.0 (seagrass)
2.5 (red algae)
2.2 (seagrass)
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Table 6.6: Fatty acid composition (mean percent of total fatty acids± S.E.) for seven species of
detached macrophytes from three sites in south-western Australia.

PhaeoQhyta
Ch1oroQhyta MagnolioQhyta
RhodoQhyta
Laminaria1es Fuca1es
Gigartina1es Ceramia1es Ulva1es
Potamo getona1es
E. radiata Sargassum sp. H ramentacea L. filiform is U. lactuca
P. sinuosa A. griffithii
6.6 ± 1.4
4.8 ± 0.7
7.3 ± 2.6 10.9 ± 0.7
0.6 ± 0.3 1.0 ± 0.6 0.3 ± 0.2
14:0
0.7 ± 0.7
0.9 ± 0.2
0.9 ± 0.1
1.2 ± 0.6
0.6 ± 0.4 1.5 ± 0.8 0.2 ± 0.2
15:0
37.6
±
2.7
56.5
±
0.5
2.0
45.4
± 4.3 36.8 ± 7.2 33.1 ± 1.6
42.4
±
52.6
±
1.9
16:0
±
0.2
0.2
0
0 1.1 ± 0.6 3.7 ± 0.2
17:0
0
0
2.2 ± 1.2
1.6 ± 0.8
2.4 ± 0.3 5.0 ±2.5 8.1 ± 1.2
1.6 ± 0.2
2.5 ± 0.8
18:0
3.6 ± 3.6
19:0
0
0
0
0 0.7 ± 0.7
0
2.1 ± 0.7
0.4 ± 0.1
0
0 0.5 ± 0.3 0.3 ± 0.2
20:0
0
0.8 ± 0.4
1.7 ± 1.0 0.7 ± 0.4 0.4 ± 0.3
0
22:0
0
0
49.3
±
6.8
50.8 ± 2~0
50.8 ± 6.2 47.4 ± 13.0 45.9 ± 3.8
sum SFAA
67.2 ± 9.5 69.9 ± 3.7
0.4 ± 0.4
0.4 ± 0.2
i16:0
0
0
0 1.4 ± 0.7 0.6 ± 0.6
0
i17:0
0
0
0 0.1 ± 0.1
0
0
0.4 ± 0.4
sum branchedA
0
0 0.4 ± 0.2
0 1.5 ± 0.9 0.6 ± 0.6
16:1 w9c
0.2 ± 0.1
0
0
0
0 0.4 ± 0.2
0
11.1 ± 1.7
16:1w7c
7.6 ± 0.3
5.3 ± 1.2
3.0 ± 0.7
2.0 ± 0.1
1.4±0.9 1.0 ± 0.6
16:1w5c
0.1±0.0
0
0
0
0
0
0
17:1w8
0.4 ± 0.4
0.1±0.1
0.2 ± 0.2
0.1±0.1
0.9 ± 0.4 0.8 ± 0.4
0
17:1w6
0.1 ± 0.1
0
0
0
0 0.9 ± 0.5 0.3 ± 0.2
18:1w9c*
25.3 ± 1.3
16.7 ± 0.6
19.0±1.0 14.7 ± 2.3
0 18.7 ± 2.6 23.9 ± 1.9
0.9 ± 0.2
0.4 ± 0.1
3.2 ± 0.5
18:1w7c
3.1 ± 0.0
12.0±1.4 5.3 ± 3.6 0.2 ± 0.2
0.5 ± 0.5
19:1
0
0 0.3 ± 0.3
0
0
0
20:1w9c+20:3w3
0.5 ± 0.5
0
0
0
0
0 0.1 ± 0.1
3.0 ± 0.9
22:1wll/13
0
0
0
0
0
0
37.8
±
3.6
28.5
±
2.6
27.6
±
2.4
21.8
±
4.2
14.9
±
1.9
27.8
±
8.5
25.5
±
3.1
sumMUFAA
8.4 ± 2.2
C16PUFA
0
0
0
0
0
0
18:3w3'
13.1 ± 1.7
0
0
0
0
0
0
18 :3w6
0.2 ± 0.2
0.6 ±0.3
0.1 ± 0.1
0
0
0
0
1.5 ± 0.8
18:4w3
2.9 ± 0.2
4.8 ± 1.5
0
0
0
0
2.6
±
25.4
±
3.4
0.3
5.6~0.1
18:2w6
3.4 ± 0.5
0.4 ± 0.4
2.1 ± 1.0
13.0 ± 6.5
20:4w6
6.8 ± 1.3
2.3 ± 1.6
1.8 ± 1.0
0.7 ± 0.7
7.3 ± 0.8
0 0.3 ± 0.3
2.3 ± 0.1
1.8 ± 1.2
0.2 ± 0.2
20:5w3
0.9 ± 0.3
2.6 ± 1.5
0
0
20:3w6
0.1 ± 0.1
0.4 ± 0.2
0.2 ± 0.2
0
0
0 0.1 ± 0.1
20:4w3
2.2 ± 1.2
0
0
0
0 0.5 ± 0.5
0
1.2
±
0.6
20:2w6
0
0
0
0 0.1 ± 0.1
0
C21PUFA
0
0
0
0
0
0 0.1 ± 0.1
22:4w6
0.2 ± 0.2
0
0 0.2 ± 0.2
0
0
0
22:5w3
0.8 ± 0.4
0
0
0
0
0
0
11.9 ± 2.9
19.9 ± 3.6
5.2 ± 3.3 6.2± 3.8
34.4 ± 7.3 13.0 ± 6.5 26.5 ± 4.5
sum PUFAA
0.4 ± 0.2.
16:0 FALDA
0
0 2.7 ± 1.3 1.4 ± 0.4
0
0
1.0 ± 1.0
1.7 ± 1.5
18:0 FALDA
0 7.6 ± 7.6
0
0
0
1.0 ± 1.0
0.4 ± 0.2
sum others
0 10.3 ± 8.9 1.4 ± 0.4
0 1.7 ± 1.5
Fatty Acid

*also contains 18:3w3 as a minor acid,' contains 18:1w9c as a minor acid. A Definitions: SPA
= saturated fatty acids, branched =branched SF A, MUF A =monounsaturated fatty acids, PUP A
=polyunsaturated fatty acids, F ALD = fatty aldehyde.
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On a separate non-metric MDS ordination using fatty acid data for macrophytes
and all three consumer species, samples for consumers were grouped together to the top
left of the macroalgae groups on the ordination plot (Figure 6.4c). SIMPER revealed
that the average dissimilarity in fatty acid composition between different plant taxa and
amphipods was highest for green algae and amphipods (63.31%), then seagrass and
amphipods (47.04%), followed by red algae and amphipods (46.64%), with brown algae
and amphipods the least dissimilar (34.71 %).
For the fatty acids that were identified by SIMPER as diagnostic for different
plant taxa, myristic acid (14:0) was present in moderate levels in Allorchestes
compressa and was also high in red and brown algae species, yet low in fish species

(Figure 6.5). Palmitic acid (16:0) was high in consumer and macrophytes species, with
higher levels in the macrophytes. Stearic acid (18:0) was low in A. compressa, yet high
in fish and seagrass species. Saturated fatty acids (SF A) were dominated in A.
compressa by 16:0, 14:0 and 18:0, with 16:0 and 18:0 dominant in both fish species

(Table 6.7).

Cis-palmitoleic acid (16:1w7c) was moderately high in all consumer

species and red algae and high in brown algae species (Figure 6.5). Cis-vaccenic acid
(18:lw7c) was moderately high in A. compressa and fish, as well as in Posidonia
sinuosa and red algal species and high in Ulva lactuca. Cis-oleic acid (18:1w9c) was

very high in A. compressa and E. radiata, and high in fish and other macrophyte species
except for U. lactuca. Allorchestes compressa and both fish species had high levels of
MUFA, largely due to 18:1w9c, with lower levels of 16:1w7c and 18)w7, together with
low levels of 16:1w9c in the fish (Table 6.7). C16 PUFA and a-linolenic acid (18:3w3)
was present in minor amounts (along with 18:1w9c) in all consumer and macrophytes
species, other than U. lactuca (Figure 6.5). Linoleic acid (18:2w6) was low in all
consumer species and in macrophyte species except for the seagrasses. Stearidonic acid
(18:4w3) was high in A. compressa, U. lactuca and brown algae species, yet low in fish
species. Arachidonic acid (ARA, 20:4w6) was very high in all consumer species and in
both brown algae species, with low levels in red and green algae species.
Eicosapentaenoic acid (EPA, 20:5w3) was also high in consumer species with moderate
levels in red and brown algae. The PUFA of A. compressa and both fish species were
primarily ARA and EP A, as well as lower levels of 18 :4w3 and 18 :2w6 in the
amphipods and 22:6w3 and 22:5w3 in the fish (Table 6.7).
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Figure 6.5: Relative proportions of diagnostic fatty acids identified by SIMPER for marine
macrophytes and consumers (mean percent of total fatty acids+ S.E). Essential fatty acids are in
bold text.
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Table 6.7: Fatty acid composition (mean percent of total fatty acids ± S.E.) for amphipods

(Allorchestes compressa) and fish (Cnidoglanis macrocephalus and Pelsartia humeralis) from
three sites in south-western Australia.

Fatty Acid
14:0
15:0
16:0
17:0
18:0
19:0
20:0
22:0
sum SFA"
i14:0
a15:0
i15:0
i16:0
i17:0
sum branched"
16:1w9c
16:1w7c
16:1w5c
17:1w8
18:1 w9c*
18:1w7c
18:1w5c
19:1
20:1 w9c+20:3w3
20:1 w7c
22:1w11/13
22:1w7
sumMUFA"
18:3w6
18:4w3
18:2w6
20:4w6
20:5w3
20:3w6
20:4w3
20:2w6
22:5w6c
22:6w3

22:4w6
22:5w3
22PUFA
sumPUFA"
16:0FALD"
18:0FALD"
sum others

A. compressa C. macrocephalus P. humeralis
1.0 ± 0.1
3.0 ± 0.3
0.5 ± 0.3
0.6 ± 0.0
0.9 ± 0.1
0.4 ± 0.2
20.5 ± 0.9
23.0 ± 0.8
22.5 ± 1.7
0.9 ± 0.1
0.7 ± 0.1
0.5 ± 0.3
3.1 ± 0.3
12.9 ± 1.8
9.3 ± 0.3
0.2 ± 0.0
0
0
0.6 ± 0.1
0.2±0.1
0.5 ± 0.1
0.3 ± 0.1
0
0
29.3 ± 1.6
37.0::!: 4.3
35.2 ± 1.2
0.1 ± 0.1
0
0
0.3 ± 0.1
0
0
0.4 ± 0.0
0
0
0
0
0.2 ± 0.1
0.6 ± 0.1
0.5 ± 0.0
0.3 ± 0.2
0.5 ± 0.0
1.6 ± 0.1
0.3 ± 0.2
0.1 ± 0.0
3.4 ± 0.2
3.2 ± 0.1
3.2 ± 0.1
3.4 ± 0.2
2.7 ± 1.3
0.2 ± 0.0
0
0
0.3 ± 0.3
0.8 ± 0.0
0.5 ± 0.2
30.4 ± 0.4
19.4 ± 1.2
19.8 ± 1.2
2.5 ± 1.3
5.9 ± 0.4
4.2 ± 0.2
0.1 ± 0.1
0
0
0.6 ± 0.0
0.2 ± 0.2
0
1.2 ± 0.4
1.2 ± 0.6
1.3 ± 0.1
0.6 ± 0.1
0.3 ± 0.2
0.6 ± 0.1
0.1 ± 0.1
0
0
0.1 ± 0.0
0
0
39.5 ± 2.8
32.9 ± 2.2
33.8 ± 3.0
0.4 ± 0.0
0
0
2.3 ± 0.5
0.5 ± 0.0
0
3.8 ± 0.4
2.5 ± 0.0
2.2 ± 0.2
10.6 ± 1.0
11.1 ± 0.9
12.9 ± 0.1
7.5 ± 0.6
4.8 ± 0.5
6.2 ± 0.4
0.7 ± 0.1
0.6 ± 0.3
0.9 ± 0.2
0.8 ± 0.0
0.5 ± 0.2
0.7 ± 0.1
0.4 ± 0.1
0.2 ± 0.1
0.2 ± 0.1
0.6 ± 0.1
0.2 ± 0.0
0.4 ± 0.2
4.9 ± 1.0
0.9 ± 0.1
6.2 ± 1.2
2.0 ± 0.2
0.3 ± 0.0
1.8 ± 0.3
3.0 ± 0.3
1.0 ± 0.1
3.6 ± 0.5
0.1 ± 0.0
0
0
28.9 ± 1.6
34.7 ± 2.5
31.3 ± 4.6
0.5 ± 0.0
0.8 ± 0.4
0.1 ± 0.1
0.1 ± 0.0
0
0
0.6 ± 0.0
0.1 ± 0.1
0.8 ± 0.4

*also contains 1S:3w3 as a minor acid." Definitions: SFA =saturated fatty acids, branched=
branche_d SF A, MUF A'=monounsaturated fatty acids, PUF A= polyunsaturated fatty acids,
F ALD = fatty aldehyde.
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6.4 Discussion
6.4.1 Comparison of biomarkers in food-web analyses

The 613 C values of macrophytes showed clear separation between macroalgae
and seagrass, but not between different types ofmacroalgae (brown, red or green algae).
Aquatic plants, including seagrasses and benthic macroalgae have a wide range of
isotopic variation, often enabling them to be separated by 6 13 C values into distinct
groups (Fry and Sherr 1984). Seagrass species in this study had distinct 6 13 C values
(more enriched in 6 13 C relative to macroalgae), similar to other seagrasses (Fry and
Sherr 1984; Nichols et al. 1985; Adin and Riera 2003). Previous stable isotope analysis
in unvegetated regions in south-western Australia, suggested that amphipods are likely
to assimilate carbon from detritus derived from brown algae only or a mixture of
macroalgae, with seagrass contributing little to the food web (Hyndes and Lavery 2005).
However, like many other studies (e.g. Peterson et al. 1986; Dunton 2001), the study by
Hyndes and Lavery (2005) applied zero fractionation between plant and consumer,
whereas results from Chapter 5 indicated a high level of depletion (-1 O%o) for seagrass
consumed by Allorchestes compressa. This high fractionation of seagrass compared to
brown and red algae (-3 and -3.5%o, respectively), results in far lower discrimination
between macrophyte groups. Consequently, 6 13 C mixing model results, based on
experimentally derived fractionation levels for A. compressa (Chapter 5), indicated that
A. compressa is most likely to assimilate carbon from either brown algae or seagrass at

some locations, with red algae contributing less. There was a high degree of variation in
carbon isotope values of macrophytes between sites, particularly for seagrass species, as
has been shown for macrophytes in other stable isotope studies in the region (Hyndes
and Lavery 2005; Smit et al. 2005). As a result of this variability, applying the same
fractionation level for each site affected the outcome of the mixing model results.
6 15N showed little separation between sources, but showed enrichment between
trophic levels for primary producers and first and second order consumers. Enrichment
levels of 15N (1-3%o) in laboratory experiments (Chapter 5) were slightly lower than the
assumed 3-5%o (Minagawa and Wada 1984; Owens 1987). Similar to 6 15N, 634S showed
little separation between plant taxa, with seagrasses having slightly lower values than
macroalgae. As expected, 634 S showed little change between trophic levels, since there
is little apparent diet~consumer fractionation of 634S (Peterson et al. 1986; Fry 1988;
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McCutchan Jr et al. 2003). The lack of differentiation among plant groups contrasts
with other marine food-web studies, where the combination

o13 C

and

o34S

can

sometimes separate different producers more than any other combination of carbon,
nitrogen and sulfur stable isotopes (Connolly et al. 2004). Marine vascular plants rooted
in reduced sediments are

34

S depleted relative to algae, due to incorporation of

depleted sulfides, while algae uptake seawater sulfate which is more enriched in

34

S-

o34 S

(Fry et al. 1982; Peterson et al. 1986; Michener and Schell 1994; Kharlamenko et al.
2001). However, marine algae and seagrasses can show a wide variation in sulfur
isotope signatures (Fry et al. 1982), with the variability within a sample of a single
producer species greater on average than for carbon and nitrogen (Connolly et al. 2004).
This variability in

o34 S (Oakes and Connolly 2004), and the magnitude of differences

between different sources, can affect the capacity to distinguish between producers to
resolve food web issues (Peterson et al. 1986; Peterson 1999). It is therefore relevant
that while

o34 S values

for seagrasse~ in the present study were typically around 2%o

lower than those of macroalgae, they were also more variable.
Lipid classes (LC) lacked distinction among the different macrophyte taxa in the
present study, indicating that they have limited potential to trace food sources.
However, LC can be useful to examine the nutritional condition and energy reserves of
consumers (e.g. Pond et al. 1995). High total lipid content in Allorchestes compressa,
suggest a high condition index for the amphipods. Triacylglycerols (TAG) were high in
A. compressa (28%), and have been shown to be high for this spycies when fed on
decomposed Ecklonia radiata in the laboratory (Chapter 5). These lipids function as a
short term energy reserve and are generally common in marine organisms (Phleger et al.
2001) and important in crustaceans (Virtue 1995). Hydrocarbons and wax esters
(HC/WE), which are more long-term energy reserves (Phleger et al. 2002), were present
in moderate levels in A. compressa. This suggests that the amphipods may require longterm energy stores, which may relate to the unpredictability and transience of their food
supply. The lower levels of TAG and HC/WE in the fish, suggest that food availability
may not be such an important issue for these species, as they can utilise other food
sources when wrack is not present.
Unlike lipid classes, fatty acid profiles showed clear separation between
different plant types (i.e. brown, red and green algae and seagrass). Primary producers
in this study show similar fatty acid composition to marine macrophytes elsewhere in
the woild, although polyunsaturated fatty acids were lower in the present study due to
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the sample preparation (samples were dried at 60°C, as is common practice for isotope
analyses).

However, since all samples. were treated in the same manner, the

comparisons among macrophyte groups and consumers within the study are still valid.
Different phyla of macroalgae and seagrasses are characterised by specific fatty acid
compositions (Khotimchemko and Svetashev 1987; Vaskovsky et al. 1996). Marine
algae often have a greater range of fatty acids than higher plants (Jamieson and Reid
1972; Ackman and McLachlan 1977) and can have a predominance of w6 PUFA,
especially 20:4w6 (Ackman and McLachlan 1977).
The green alga Ulva lactuca was distinguished from other macrophyte taxa by
high levels of C16 PUFA and Cts PUFA (18:3w3, 18:2w6 and 18:4w3), and MUFA
dominated by 18:1w7 and 18:1w9c. This supports other studies of the fatty acid
composition of green algae from other regions, particularly from the order Ulvales
(Jamieson and Reid 1972; Hayashi et al. 1974; Johns et al. 1979; Shameel and Khan
1991; Aknin et al. 1992b; Floreto et al. 1993; Vaskovsky et al. 1996). The fatty acid
composition of the red algae Hypnea ramentacea and Laurencia filiformis were
dominated by high levels of 16:0 as is characteristic for rhodophytes (Jamieson and
Reid 1972; Hayashi et al. 1974; Wood 1974; Ackman and McLachlan 1977; Johns et al.
1979; Aknin et al. 1990; Khotimchenko and Vaskovsky 1990; Vaskovsky et al. 1996),
yet differed in that they contained only small levels (< 5%) of C20 PUFA, due to the
drying of the samples. Both rhodophyte species also contained higher levels of 14:0
than other macrophyte taxa, similar to some other red algae spe9ies where 14:0 is
dominant (Aknin et al. 1990). The brown algae Sargassum sp. and Ecklonia radiata
were distinguished from other taxa by having higher levels of 18:1w9c, 20:4w6, and
18:2w6, similar to other species of brown algae (Chuecas and Riley 1966; Jamieson and
Reid 1972; Johns et al. 1979; Dembitsky et al. 1990; Aknin et al. 1992a; Herbreteau et
al. 1997). The seagrasses Posidonia sinuosa and Amphibolis grif.fithii had higher Crs
PUFA, primarily 18:2w6, than the macroalgae taxa, similar to those in other seagrass
species (Sargent and Whittle 1981; Nichols et al. 1982; Nichols and Johns 1985;
Khotimchemko 1993; Viso et al. 1993), yet differed in that they also contained high
levels of 18:0, and relatively low levels of 18:3w3.
Marine macrophytes are rich in w3 and w6 PUFA, which are essential fatty acids
(EFA) for animals (Viso et al. 1993; Vaskovsky et al. 1996; Khotimchemko 2003;
Sanina et al. 2004). _EF A in crustacean species generally must be obtained from their
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diet since they cannot be produced de novo (Kanazawa et al. 1979). Marine crustaceans
are rich in w3 PUFA, especially eicosapentaenoic acid (EPA, 20:5w3) and
docosahexaenoic acid (DHA, 22:6w3) (Chamberlain et al. 2004) and w6 PUFA,
especially arachidonic acid (ARA, 20:4w6) (Graeve et al. 2001).

Allorchestes

compressa contained very high levels of ARA, which was also high in brown algae and
moderate in red algae and has been shown to be high in amphipods fed on red algae
(Chapter 5). In addition, A. compressa also contained very high levels of EPA, which
was highest in both brown and red algae. 18:4w3 and 18:2w6 were present in moderate
levels in A. compressa, and were high in green and brown algae and seagrass,
respectively. The high levels of 18:1w9c in A. compressa were also high in brown algae
and have been shown to be high for this species when experimentally fed on brown
algae in the laboratory (Chapter 5).
Lipids are the major energy reserve in fish, and can be obtained directly from the
diet or synthesised by fish (Bell et al. 1986). Both Cnidoglanis macrocephalus and
Pelsartia humeralis primarily contained 16:0 and 18:0 as SFA, with 18:1 and 16:1
major MUFA, similar to other Australian marine finfish (Brown et al. 1989). ARA is an
EFA in marine fish species (Bell et al. 1986) and usually the major w6 PUFA in
Australian marine finfish, with 18:2w6, 22:4w6 and 22:5w6 present in lower levels
(Brown et al. 1989). The w3 PUFA, especially a-linolenic acid (ALA, 18:3w3), EPA
and DHA are essential for the growth of fish (Bell et al. 1986; Wahbeh 1997; Saito et al.
2002), with most marine fish requiring EP A and DHA from their diets (Sargent and
Whittle 1981; Ishizaki et al. 2001). In C. macrocephalus and P. humeralis, ARA was
the major w6 PUFA, with lower levels of 18:2w6, 22:4w6 and 22:5w6. The major w3
PUFA in both fish species were DHA, EPA and 22:5w3. These results are likely to be
due to the high levels of ARA and EPA, with lower levels of DHA and 22:5w3 in
Allorchestes compressa, which is the main prey for juveniles of these species (Chapter
4, Lenanton et al. 1982; Robertson and Lenanton 1984).
Nitrogen and sulfur stable isotopes showed little separation of macrophyte taxa,
while carbon stable isotopes distinguished between macroalgae and seagrass. b13 C
values indicated that Allorchestes compressa is likely to assimilate carbon mainly from
either brown algae or seagrass at Two Rocks and Hillarys, respectively, with red algae
likely to make .a smaller contribution. However, results were relatively ambiguous,
largely_ due to the high degree of variability in carbon isotope values of macrophytes
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amongst sites, which affected the outcome of the mixing model results. Fatty acid (but
not lipid class) analysis showed considerably less variability among sites compared with
stable isotopes, differentiated between different macrophyte taxa and clarified the
ambiguity of the stable isotope analyses. The key fatty acids which distinguished
between macrophyte taxa were 14:0, 16:0, 18:0, l6:lw7c, 18:lw7c, 18:lw9c, C16
PUFA, 18:2w6, 18:3w3, 18:4w3, 20:4w6 and 20:5w3. There was greater similarity of
the fatty acid profile of A. compressa to brown algae compared with other macrophyte
taxa.
6.4.2 Trophic links in wrack assemblages
The results of stable isotope analysis indicate that either brown algae or seagrass
could rank highly as carbon sources for Allorchestes compressa, depending on the site.
Fatty acid analyses clarified the ambiguity of the stable isotope analysis and provided
evidence that A. compressa utilises 'brown algae rather than seagrass, as its primary
energy source in surf zones where wrack is present. The importance of brown algae as
food for A. compressa fits with their preference for consuming fresh Ecklonia radiata
and Sargassum sp. over other food types (Chapter 3) as well as decomposed E. radiata,
which is supported by the results of gut content analysis by Robertson and Lucas
(1983). This preference for consuming brown algae is similar to other amphipod and
isopod grazers elsewhere (Griffiths et al. 1983; Inglis 1989; Duffy and Hay 2000;
Pennings et al. 2000; Cruz-Rivera and Hay 2001). The similarity in the

o13 C values and

fatty acid composition between amphipods and the fish species Cnidoglanis
macrocephalus and Pelsartia humeralis suggests that amphipods are a main food source
for these predators, which is supported by gut content analysis (Chapter 4, Robertson
and Lenanton 1984). The results of this study therefore indicate that there is a strong
link between secondary production and particularly brown algae that has been
transported into surf zones from more offshore waters.
Accumulations of macroalgae and seagrass wrack from highly productive
coastal areas provide enormous amounts of organic subsidy and a valuable nutrient
source for invertebrates, and in turn secondary consumers, in less productive adjacent
nearshore areas (Polis and Hurd 1996a; 1996b; Colombini and Chelazzi 2003; Orr et al.
2005). Brown algae are a key component of wrack accumulations in surf zones and on
beaches in south-western Australia (Chapter 2, Hansen 1984). From this study, brown
algae

IS

likely to contribute more than other macrophyte taxa to the detached
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macrophyte - amphipod - fish trophic pathway in surf zones in the region where wrack
is present. Detached brown algae have been shown to support secondary production for
other grazer species in south-western Australia (Wells and Keesing 1989; Vanderklift
and Kendrick 2005; Wernberg et al. 2005) and in other regions (Griffiths et al. 1983;
Kim 1992; Chown 1996; Pennings et al. 2000; Day and Branch 2002a; Day and Branch
2002b). It therefore appears highly likely that brown algae drive productivity in these
regions and provide a critical link between ecosystems.
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CHAPTER 7- CONCLUSIONS, MANAGEMENT IMPLICATIONS
AND FUTURE DIRECTIONS

The majority of primary production returns to the environment as detritus, where
it can play a critical role in sustaining and organising ecosystems (Moore et al. 2004).
The movement of detritus from a more productive to a less productive habitat can
subsidise consumers in the less productive habitat and allow consumer populations to
achieve greater densities than supported by in situ production (Polis and Hurd 1996b;
Polis et al. 1997), with significant consequences for local communities and food webs
(Stapp and Polis 2003). Macrophytes transported from more offshore regions
accumulate in surf zones and on beaches in several regions throughout the world and
influence the fauna in those regions (Behbehani and Croker 1982; Grif:fiths et al. 1983;
Robertson and Lucas 1983; Edgar 1990; Marsden 1991a; Colombini and Chelazzi
2003). The results of this study indicate that detached macrophytes transported from
offshore waters, play a key role in supporting and sustaining secondary production in
nearshore waters, through the provision of a food source and habitat. This study has
clearly shown that different types of macrophytes in those wrack accumulations play
different roles in driving secondary production of invertebrates and fish through
providing a habitat (Chapters 3 and 4) and/or a food source (Chapters 4, 5 and 6), with
the roles of food and habitat closely linked.
One of the most important aspects for providing a better understanding of the
energy flow within an ecosystem is a profound knowledge of its food web (Graeve et al.
1994a), particularly of frrst-order consumers. In all ecosystems, herbivores provide
critical links between primary producers and higher trophic levels, which in shallow
marine systems is especially true of small invertebrate mesograzers (Valentine and
Duffy 2005). In many marine ecosystems, benthic plants in coastal regions contain
dense populations of mesograzers, such as amphipod and isopod crustaceans and
gastropod molluscs, which are the dominant primary consumers (Brawley 1992; Heck et
al. 2000; Duffy and Harvilicz 2001). Within detritus-based food-webs, invertebrate
detritivores are pivotal primary consumers, playing a vital role in the turnover and
trophic transfer of carbon from producers (Cebrian 2004). The amphipod Allorchestes
compressa is the dominant macroinvertebrate in surf-zone wrack accumulations in
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south-western Australia (Chapters 2 and 3), which grazes directly on detached benthic
macrophytes (Chapter 3).
The results of this study show that under laboratory conditions, A. compressa
preferentially grazes brown algae (fresh Ecklonia radiata and Sargassum sp.) over other
food types, such as red and green algae and seagrass (Chapter 3, Figure 7.la).
Allorchestes compressa has also been shown to prefer decomposing E. radiata over
fresh plant material (Robertson and Lucas 1983). Since wrack in the surf zone can
comprise fresh and/or decomposed plant material, decomposed brown algae is likely to
be grazed preferentially by A. compressa. While other macrophytes are consumed in
smaller quantities, combined multiple stable isotope and fatty acid analyses indicated
that Allorchestes compressa assimilates nutrients predominantly from brown algae,
rather than red algae and seagrass (Chapter 6, Figure 7.1a). Furthermore, lipid class
results suggest that the nutritional condition of A. compressa was higher for those
amphipods fed on brown algae, particularly decomposed E. radiata (Chapter 5). This
may help explain their preference for consuming brown algae, as well as the greater
reproductive output for those feeding on this group of algae (Robertson and Lucas
1983).
Detached brown algae is a key component of nearshore wrack accumulations in
south-western Australia (Hansen 1984, Chapter 2) and has been suggested to be driving
production for other grazer species in south-western Australia (Wells and Keesing 1989;
Vanderklift and Kendrick 2005; Wernberg et al. 2005) and elsewhere (Griffiths et al.
1983; Kim 1992; Chown 1996; Pennings et al. 2000; Day and Branch 2002a; 2002b;
Adin and Riera 2003). This is the first study to show, through a combination of grazing
experiments (Chapter 3) and biomarker analyses (Chapter 6), that brown algae from
more offshore regions can drive secondary production in surf zones.
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Figure 7.1: Schematic diagram of possible relationships between different types of detached
macrophytes, in providing (a) a food source and (b) a habitat for invertebrates and fish in southwestern Australia. The boldness of the arrow represents the importance of the wrack type on the
consumer: wide lines indicate a strong influence, thin lines a minor influence and dashed lines a
very minor influence. Percent values of macrophyte types calculated from wrack surveys
(Chapter 2).
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The influence of brown algae on secondary production extends to second-order
consumers in the surf zones of south-western Australia. Gut content analysis revealed
that Allorchestes compressa were the major prey of juveniles of the cobbler Cnidoglanis
macrocephalus and the sea trumpeter Pelsartia humeralis, the main fish species in surfzone wrack accumulations in the region (Chapter 4). These results supported those of
previous studies on the dietary composition of these species (Lenanton et al. 1982;
Robertson and Lenanton 1984) and in turn supported the results of stable isotope and
fatty acid analysis (Chapter 6, Figure 7.la). Accumulations of detached macrophytes
from highly productive coastal areas can provide enormous amounts of organic subsidy
and a valuable nutrient source for invertebrates, and in turn secondary consumers, in
less productive adjacent nearshore areas (Polis and Hurd 1996a; 1996b; Colombini and
Chelazzi 2003). This study indicates there is a strong link between primary production
from more offshore regions and secondary consumers in surf zones of south-western
Australia. However, there is strong evidence that detached brown alga that have been
transported from offshore reefs contribute most to the detached macrophyte - amphipod
- fish trophic pathway in the surf zones. Brown algae therefore drives invertebrate and
fish production in these regions and provides a crucial link between coastal ecosystems.
Detritus, in addition to providing a means of transferring primary production
across trophic levels, also provides a habitat and heterogeneous resource for many
species, a role which is frequently overlooked (Moore et al. 2004). Results of this study
indicate that detached macrophytes provide an important, but transient, habitat for
invertebrate and fish species in surf zones of south-western Australia. Under laboratory
conditions, Allorchestes compressa showed a strong preference for inhabiting
seagrasses (Amphibolis and Posidonia) over macroalgae (Chapter 3). However, in situ
caging experiments within the study region showed that A. compressa has a strong
preference for brown algae, red algae or a mixture of macrophytes, but tended to avoid
seagrass (Chapter 3, Figure 7.1b). Therefore, A. compressa showed a clear preference
for different types of detached macrophytes as a habitat, with seagrass ranking below
other types of macrophytes under field conditions, where factors such as the presence of
predators and water turbidity could influence habitat choice. Thus, A. compressa may
exhibit a preference for seagrass as a habitat in the absence of predators, but may trade
off between optimal shelter and optimal food when predators are present, providing the
food also supplies some protection from predation. The influence of predation is
therefore likely to be.an important factor in habitat selection by A. compressa, as it is in
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the habitat choice of amphipod and isopod species in other regions (Nicotri 1980;
Pomeroy and Levings 1980; Bostrom and Mattila 1999; Pavia et al. 1999). In the surf
zones of south-western Australia, it would appear that brown algae, and to a lesser
extent red algae, provide not only an important food source for A. compressa, but also
presumably some level of protection from predators ..
Detached macrophytes, in addition to providing an indirect food source for fish,
are thought to provide a habitat and a diurnal refuge for juvenile fish from larger fish
and avian predators, which would feed less effectively in dense wrack accumulations in
surf zones (Lenanton et al. 1982; Robertson and Lenanton 1984; Lenanton and Caputi
1989). In this study, species composition, densities and biomass of fish, which were
dominated by juveniles, were strongly influenced by increasing volume of wrack in surf
zones of south-western Australia (Chapter 4). The species Cnidoglanis macrocephalus
and Pelsartia humeralis, which were. found to be highly abundant in wrack in previous
studies in the region (Lenanton et al. 1982; Robertson and Lenanton 1984), were
particularly influenced by the volume of wrack, where they were most abundant in
higher volumes of wrack (Chapter 4). The change in abundance of these two species
and in species composition is likely to be due to the increased structural complexity
provided by higher volumes of wrack, similar to the influence of increased structural
complexity provided by attached seagrasses and macroalgae on fish assemblages (e.g.
Bell and Pollard 1989; Edgar and Robertson 1992; Anderson 1994; Levin and Hay
1996; Hyndes et al. 2003). Similarly, adult C. macrocephalus and P. humeralis show a
preference for inhabiting seagrass meadows with greater structural complexity and
density compared to sparse seagrass or unvegetated areas (Hyndes et al. 2003). In
contrast to the amphipod Allorchestes compressa, neither C. macrocephalus or P.
humeralis showed a preference for inhabiting different types of detached macrophytes,
i.e. seagrass, brown algae or a mixture of macrophytes, as a habitat. Since both seagrass
and brown algae are dominant components of wrack in the surf zones of south-western
Australia (Chapter 2), both macrophyte types are likely to be important in providing a
habitat for fish (Figure 7.1 b). Therefore, it appears that the volume, rather than the type,
of wrack present in surf zones is important in providing a habitat, particularly for
juvenile C. macrocephalus or P. humeralis (Chapter 4). Given the transient nature and
variable biomass of detached macrophyte accumulations in the surf zone (Chapter 2)
and the mobility of fish, juvenile C. macrocephalus or P. humeralis are likely to
actively select denser, wrack accumulations as a habitat and move with the wrack.
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The flow of energy and biomass from a more productive to a less productive
habitat, is thought to be important when two areas differing in productivity are
juxtaposed, and is often a key feature influencing the structure of coastal food webs and
communities (Polis and Hurd 1996b; 1996a). This study has shown that the
allochthonous input of macrophyte detritus from highly productive offshore regions
provides a "spatial subsidy" for consumers in less productive surf zone habitats in
south-western Australia, where it enables consumer populations to reach greater
densities than would be supported by in situ production alone. Accumulations of these
detached macrophytes provide a food source (primarily brown algae) and habitat
(brown or red algae or a mixture of macrophyte types) for amphipods, which in turn
provide a food source for fish. Wrack also provides a habitat for a range of fish species,
which respond to density of wrack rather than type of macrophyte.
7.1 Management Implications

In sandy beaches of many parts of the world, there can be intense pressure on
coastal authorities to clean up beaches, which includes the removal of accumulations of
detached macrophytes (Llewellyn and Shackley 1996; Ryan and Swanepoel 1996;
Dugan et al. 2003; Fairweather and Henry 2003; Scapini 2003; Malm et al. 2004).
Public pressure to remove wrack from beaches primarily relates to the perceived loss of
social amenity and pristine beaches, and the offensive odour produced by decomposing
wrack banks (Ochieng and Erftemeijer 1999; Fairweather and Henry 2003). The
removal of wrack from beaches for aesthetic, recreational or commercial purposes could
have a profound impact on the species that rely directly and indirectly on detached
macrophytes for habitat and food, both in the surf zone and on beaches. In other regions,
it has been identified that changes in the availability or input of macrophyte wrack could
lead to a shift in the community structure of infauna and alter energy flow to consumers
and prey availability to higher trophic levels (Dugan et al. 2003). In some regions in
south-western Australia, there is considerable public pressure to have wrack removed
from beaches. As the number of developments along the coastline has increased, there
has been a subsequent increase in requests for removal of wrack, such as at Two Rocks
(City ofWanneroo, 2001 unpublished).
This study has showl). that both the composition and volume of detached
inacrophytes play a crucial role in supporting secondary production in surf zones of
south-western Australia. Wrack can wash back and forth between the surf zone and
beach (Hansen 1984), indicating the strong linkage between these two environments. As
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a result, the removal of wrack from beaches will also impact on the amount of wrack in
surf zones. Dense wrack accumulations are important habitats for some fish species,
particularly juvenile Cnidoglanis macrocephalus and Pelsartia humeralis and could be
critical for productivity and biodiversity in nearshore areas. The removal of large
amounts of wrack from nearshore areas could have a detrimental impact on the
biodiversity or abundance of macroinvertebrate and fish populations, which rely on
wrack for food and shelter. This is particularly important for C. macrocephalus, which
is a recreationally and commercially important fish species. The juveniles of this species
appear to rely on winter accumulations of detached macrophytes during their first year
of life. The removal of large amounts of wrack from surf zones therefore could result in
a decrease in the production of this fishery.
Nearshore waters are also likely to be affected by the prevention of wrack
accumulating due to the construction of marinas, ports or groynes, or through a
reduction in the supply of detached macrophytes by detrimental activities near seagrass
meadows (e.g. Vanderklift and Jacoby 2003) or reefs. The removal of wrack could lead
to a loss of macroinvertebrates in both the surf zone (this study) and in beach-cast wrack
(Ince 2004), which rely on it as a habitat and food source, and in turn affect higher order
consumers. Furthermore, the loss of wrack from nearshore regions could result in a
reduction in the flow of nutrients such as nitrate, phosphate and silicate, being leached
back into the water from accumulations of detached macrophytes, which may provide a
valuable nutrient source in nearshore waters (Hansen 1984).
7.2 Future directions
The influence of detached macrophytes on macroinvertebrates and fish has been
identified in shallow surf-zone regions of south-western Australia. Since wrack
accumulations are highly variable both temporally and spatially, further research is still
needed to determine whether wrack-associated invertebrate and fish assemblages
survive in regions where wrack is absent from the surf zone. While this study has
identified the importance of different types and volumes of wrack in the surf zone on
invertebrate and fish populations, respectively, there is a need to determine how these
facto~s

also influence invertebrate fauna in beach-cast wrack in south-western Australia,

as identified by Ince (2004).
Further studies into the role of detached macrophytes in driving secondary
production further offshore in deep-sea areas could be investigated to determine the
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extent to which detached macrophytes influence deep-sea communities. The marine
benthos is almost entirely dependent upon a rain of organic matter to provide energy for
food-web productivity, which, although it may be moved about by horizontal currents,
originates from shallow surface waters (Mann 1988; 1991). In some areas, the
transportation of macrophyte detritus from shallow to deep-sea areas has been shown to
provide a significant source of food and habitat for invertebrates (particularly
crustaceans) and fish (Josselyn et al. 1983; Lawson et al. 1993; Vetter 1994; 1995;
1998). The role of detached macrophytes in fuelling secondary production in nearshore
areas of south-western Australia could also potentially extend to deep-sea areas, where
particulate detritus could become bound up with the sediment and provide a more
temporally stable nutrient source.
Another aspect that has been identified as requiring further research (Kirkman
and Kendrick 1997) is the need for a greater understanding of the processes and
mechanisms by which macrophytes are transported between regions. The relationship
between the biomass of attached and detached macrophytes is not clearly understood
· (Piriz et al. 2003), and neither is the distance, time and direction over which the plants
drift in relation to winds and currents (Kirkman and Kendrick 1997).

A better

knowledge of the origins of wrack, i.e. seagrass meadows and offshore reefs, the
potential impacts of loss of attached macrophytes, and the processes and direction of the
movement of detached macrophytes to different areas, such as nearshore versus offshore
regions,

should be considered in making decisions regarding environmental

management of coastal regions.
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